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ABSTRACT 
Flow through interconnected fractures and fissures in an otherwise "tight" formation can lead to 
increased mobility and spreading of contamination. To investigate the potential for increased 
mobility of a LNAPL, gasoline, in fractured clayey till, a series of laboratory flexible wall permeability 
tests (column tests) were performed on undisturbed samples of fractured clayey till at confining 
pressures equal to the measured in situ lateral earth pressures. The column tests were performed 
using a CaS04 solution, a CaCb solution, and gasoline as the permeants. 
Results of the tests with CaS04 and CaCb solutions indicate that the fractured and fissured 
till has a hydraulic conductivity on the order of 10 cm/s and an effective porosity significantly less 
than the total porosity. The hydraulic conductivity using gasoline as the pemfieant is approximately 
the same as using water as the permeant. Following the hydraulic conductivity testing stage, air was 
forced through the gasoline contaminated samples to investigate air venting as a remedial 
technology for this material. This study allowed detemiination of an effective air permeability and 
the immobile gasoline fraction. The amount of immobile gasoline was determined by measuring 
residual concentrations of Benzene, Ethyl benzene, Toluene, and Xylene from soil samples taken 
from the "remediated" samples. Results indicate that gasoline flow occurs only through a small 
portion of the total porosity(~10%) implying the potential for a significant decrease in travel time, and 
that fractured clayey till should not be considered as a significant banier against groundwater 
contamination. Other results indicate that air venting effectively removes approximately 60% of the 
mobile gasoline from the sample and may be a viable in situ remedial technology for this material. 
1 
CHAPTER 1. INTRODUCTION 
The presence of fossil-fuel-based products as subsurface contaminants has become a 
growing problem for engineers and soil scientists in the last 15 years. Light, nonaqueous phase 
liquids (LNAPLs) such as gasoline, heating oil, kerosene, jet fuel, and other petroleum products are a 
common cause of soil and ground water contamination. These compounds are widely produced 
and used in industrial and mineral processing applications. The potential for LNAPL subsurface 
contamination is high due to the large volumes handled and produced. There are several sources of 
LNAPL contamination: leaking underground storage tanks, pipelines, landfill sites and dumps, 
periodic spillage at industrial and refueling facilities, and accidental spills during transportation. 
Currently there are on the order of 295,000 leaking petroleum hydrocarbon storage tank sites in the 
United States that require remediation (U. S. EPA, June 1993). 
The LNAPLs move downward from the surface or near surface through the vadose zone 
toward the ground water table. The LNAPLs move as a separate liquid or vapor phase through the 
water and air filled porosity of the unsaturated soil, with some of the liquid contaminant being 
immobilized by capillary forces, soil sorption, and dead-end pores. The immobilized LNAPL in the 
soil system is referred to as the "residual saturation" in petroleum engineering and is a measure of 
the volume of contaminant in the soil pores relative to the total pore volume (Wilson et al., 1990). 
The remaining LNAPL will reach the groundwater surface and migrate along its surface with the 
ambient gradient. A portion of the remaining LNAPL will dissolve in the ground water at a rate 
governed by the solubility limits of the compounds in the LNAPL and the concentration gradient 
across the LNAPL-ground water interface. The remaining free product floating on the ground water 
surface can easily be removed by installing depression wells and using a skimming pump. However, 
the immobilized portion of the LNAPL contaminant is more difficult to remove. Many different 
removal methods have been attempted including volatilization by air stripping in the vadose zone, 
soil washing in the saturated zone, and biodegradation. 
2 
Recently, research has been performed on the transport and fate of contaminants through 
surficial, fractured or fissured clayey tills found abundantly in the northem United States and Canada 
(McKay et al., 1993) (Middleton and Quigley, 1990). Research is being performed because the 
surficial clayey glacial tills have the potential to allow increased mobility of contaminants due to 
preferential flow through fractures, including fissures, and channels (i.e., macropores). The fractures 
and macropores usually occur in the top 3-4 meters of the surficial soil deposits due to physical 
weathering (i.e., freeze/thaw, desiccation) and biological processes (i.e., flora growth and fauna 
activities). The fractures and macropores in the surficial soil may produce a hydraulic conductivity 
two to three orders of magnitude higher than the underlying unweathered material (McKay et al., 
1993). Fracture and macropore flow can thus result in increased mobility and spreading of LNAPL 
contaminants that would otherwise not occur in a "tight" fomiation. Factors that affect the transport, 
fate, and remediation characteristics of LNAPLs in clayey weathered till include; the extent, degree, 
and interconnectivity of fractures and macropores; fracture aperture and porosity; and the soil's 
grain size distribution, porosity, and mineralogy. 
This research examines the transport and potential remediation characteristics of a lighter 
than water nonaqueous phase petroleum product, gasoline, through a clayey, glacial till under 
controlled boundary conditions in the laboratory. Gasoline was selected as the penneant due to its 
widespread use and frequency of occurrence as a subsurface contaminant. The significance of the 
laboratory study is to understand the characteristic mechanisms that govem LNAPL flow through a 
saturated soil, thus providing a basis for estimation of contaminant migration, residual saturation, 
and remediation time in field settings. 
1.1 Objectives 
The objectives of this research are to determine characteristic mechanisms that govem 
lighter than water nonaqueous phase petroleum products(LNAPL) transport and fate within a 
3 
saturated, clayey, glacial till. This dissertation study has four major objectives: 
1. Investigate the importance of fracture and macropore flow as a mechanism of 
vertical transport of water or LNAPLs through undisturbed weathered clayey till by 
determining the flow and breakthrough characteristics from laboratory flexible wall 
permeation tests. 
2. Determine the effective porosity of the undisturbed clayey till for a conservative 
tracer and a LNAPL through a series of column breakthrough experiments and 
investigate the effective porosity's affect on contaminant breakthrough times and 
residual saturation. 
3. Evaluate the effectiveness of air stripping as a remediation technique in 
contaminated weathered clayey till by mass balance and by measuring the residual 
concentration in a samples after allowing a specific number of pore volumes of air to 
flow through the sample. 
4. Characterize fracture and macropore flow by measuring residual concentrations of 
LNAPL located along the fracture or macropore relative to that measured within the 
soil matrix. 
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CHAPTER 2. LITERATURE REVIEW 
2.1 Fracture and Macropore Formation 
It is not uncommon to find fractures in glacial till deposits that are abundant in the northern 
United States and Canada. The fractures may result from either shear or tensile stresses developed 
during glacial flow, consolidation, unloading, or physical weathering processes such as freeze/thaw 
and desiccation. Understanding the genesis of fractures in glacial tills will help predict the direction 
and magnitude of groundwater flow in these deposits. Prediction of hydraulic conductivity values of a 
natural undisturbed glacial till has become more important with the introduction of more stringent 
environmental clean-up regulation during the past decade. 
Glacial landscapes occur throughout the Northern United Sates and Canada and are 
characterized by a complex heterogeneous mixture of sediments with wide ranges in geotechnical 
properties such as particle size distribution, density, shear strength, and hydraulic conductivity. The 
properties of glacial till are a function of the three major parameters; geotechnical properties of 
sediment source, nature and distance of sediment transport, and mode of sediment deposition 
(Stephenson et al., 1988). 
Most glacial till deposits have been categorized into two fundamental groups based on their 
deposition process, supraglacial and subglacial till (basal till) shown in Figure 1. Subglacial till can 
be deposited from a combination of three processes: lodgment, reglaciation melt-out, or basal melt-
out. Supraglacial deposits consist of melt-out till, resedimented deposits, and melt-water deposits. 
The combination of the two glacial deposits makes the sedimentation sequence extremely complex 
(Kemmis et al., 1981) (Boulton and Paul, 1976) (McGown and Derbyshire, 1977). 
Consolidation, unloading during deglaciation, subglacial shearing, and stress associated with 
glacial flow have been referenced as primary fracture formation processes. Other proposed 
processes, such as chemical alteration, desiccation, syneresis, freeze/thaw cycles, and lateral 
unloading also may influence formation of fractures (Boulton and Paul, 1976; Mitchell, 1976). Thus, 
the genesis of fractures is difficult to define due to the many combinations of processes that could 
propagate fracture formation. 
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Figure 1. Acquisition, transportation, and deposition of till by a glacier (McGown and Derbyshire, 1977). 
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2.2 Fracture Formation 
Research performed has indicated that fractures in glacial till may be separated into two 
major categories: shear fractures and tensile fractures. 
2.2.1 Shear Stress Fractures 
The shear stress fractures are a result of material failure due to the sliding of particles that 
are trying to move laterally past each other (Lambe and Whitman, 1969). Mohr-Coulomb theory has 
been found to be a representative model of glacial till failure behavior. The theory concludes that 
the shear failure will result along planes having angles of 45° + ifl2 to the plane on which the major 
principal stress acts, where (|) represents the friction angle of the soil. 
In order for subhorizontal shear planes to occur, the shear stress induced by the ice must 
exceed the shear strength of the basal till. Induced shear stress in the basal till is limited by the yield 
strength of the ice (about 1 bar), and can be calculated from the equation (Lee, 1991): 
T = pgh[s\ne) Equation 1. 
T = basal shear stress (M/L^) 
p = density of ice (M/L^ 
g = acceleration of gravity (L/T^) 
h = thickness of the glacier (L) 
6 = slope of the upper ice surface (degrees) 
The shear strength of the basal till may be computed from Spangler and Handy (1982): 
Ts = c' + (ff-u)tan0' Equation 2. 
where tg = shear strength of basal till, (M/L^) 
c' = drained cohesion of basal till, (M/L^) 
a = total normal stress on the shear plane, (M/L^) 
u = pore water pressure, {Mil}) 
= friction angle, effective stress basis 
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Shear fracture formation may also follow the unloading or glacial retreat that results in a 
decrease in vertical stress with the preexisting horizontal stresses being "locked in". These fractures 
often occur in the weathered, overconsolidated clays near the ground surface, suggesting that the 
lateral soil strength is exceeded by the near surface in situ horizontal stresses. 
The differences in the lateral stresses may be caused by the geometry of the land, tectonic 
stress, and glacial movement. It has been concluded that all of these factors may cause fractures. 
Thus, there are many different mechanisms of shear fracture formation including the shearing along 
surfaces due to ice movement, and the difference in lateral stresses resulting from unloading. 
2.2.2 Tensile Stress FaHures 
Another type of fracture formation is a result of tensile failure of the soil. The tensile 
fractures in a soil are usually thought of as being formed from weathering which results in a decrease 
in volume. The secondary weathering processes that create a reduction in volume include 
desiccation, freeze/thaw, and chemical alteration. 
The first process, desiccation, is the loss of soil moisture that leads to soil tensile failure. 
The amount of fracturing resulting from this process is controlled by the mineralogy and clay content 
of the soil. The fracture width, depth, and abundance are increased by the number of repeated wet-
dry cycles. The spacing between fractures increases with depth since the moisture at the soil 
surface is more readily available for evaporation. Desiccation fractures tend to be vertical or 
subvertical with a polygonal surface pattern (Boulton and Paul, 1976). 
The propagation of fractures as a result of freeze-thaw cycles is related to the freezing soil 
pore moisture and the growth of ice lenses. The ice lenses cause growth of subhorizontal fractures 
in the till (Boulton and Paul, 1976). The formation of ice in the soil pores may result in soil shrinkage 
due to the desiccation of the clay minerals. The freezing could also cause the soil to expand in the 
vertical direction while contracting in the horizontal direction (Spanglerand Handy, 1982), resulting in 
enlargement or genesis of fractures. 
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Chemical alteration may also contribute to the fracture formation. This results from the 
decrease in soil volume resulting from leaching or cation exchange. For example, a loss in volume 
may occur in sodium montmorillonite when the saturating cation of sodium is replaced by calcium 
(Mitchell, 1976) since the double layer is depressed due to the reduction in effective ionic radius and 
increased valence of the calcium. 
Another type of tensile failure process not related to a reduction in volume is that of lateral 
unloading. Lateral unloading occurs from the erosion of overburden or the removal of adjacent 
lateral confining material. These unloadings result in the fomiation of fractures oriented 
perpendicular to the direction of the unloading. 
2.3 Fracture Formation Case Studies 
Researchers have reported that subhorizontal fractures could be observed in subglacial 
deposits. These fractures have been interpreted as being caused by the dragging force induced by 
the glacier during glaciation, i.e., shear failure. Boulton and Paul (1976) found that lodgment till 
showed subhorizontal fracture surfaces that were characterized by heavy slickensides in the direction 
of ice movement, confirming shear along these surfaces. Other researchers also found 
subhorizontal shear planes in the direction of ice flow, but they were dipping approximately 14 
degrees (Johnson, 1983). These fractures suggest that the maximum stress did not act parallel to 
the ground surface but acted along a direction with a certain dipping angle from to the ground 
surface. 
McGown et al., (1974) also reported that the pattemed vertical fractures in a till were caused 
by directional lateral stress of which the principal stress in the tills of Hurlford, Ayrshire coincided 
roughly with drumlin orientation. Although soil lateral stresses have been considered isotropic for 
many soils, the previously stated case in glacial tills shows that the lateral stress may be anisotropic. 
Field evidence has suggested that subhorizontal joints in clayey tills may also be produced from the 
unloading during glacier retreat, i.e., tensile failure. The unloading leads to a release of stored strain 
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energy and dilation jointing (Boulton and Paul, 1976). A similar tensile fracture formation effect may 
also be produced by changing the stresses in the system without unloading. 
2.4 Genesis of Macropores 
In order to discuss the genesis of macropores, one must first address the issue of what is a 
macropore. A macropore has been defined by many researchers and differs in each one's opinion. 
For this study, a macropore is defined as a pore that has been derived from biological processes (i.e. 
flora or fauna activities). 
2.4.1 Macropore Formation 
The macropores initiated by plant root growth usually are tubular in shape and oriented 
vertically. In a natural clayey till, the fracture density usually decreases with depth below ground 
surface. Insects, worms, and other animal burrows also contribute to the macroporosity of the soil 
(Beven and Germann, 1982). The fauna initiated macropores commonly have a random orientation, 
tubular shape, and usually occur in the active soil-fonning zone. 
2.5 Identification of Fractures and Macropores in Glacial Tills 
The fractures formed by these weathering processes and macropores are usually found in 
the upper weathered portion of the till and at their defined orientations. The fractures and 
macropores may be identified by having clay coatings or oxidation of iron on their surfaces in the 
weathered zone. The clay coatings may be observed during field inspection or micromorphological 
studies. The clay coatings are fomned from two processes: translocation of clay from a different 
portion of the deposit by moving downward within suspension and then coagulating or by moving 
downward with percolating water until constrictions cause deposition (Biri^eland, 1984). Other 
accumulations may occur in fractures and macropores if salts and carbonates have been deposited 
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due to evapotransporation of near-surface soil moisture. Weathered natural glacial tills that contain 
carbonates tend to have light streaks along fracture and macropore paths. 
Iron on the surfaces of the fractures and macropores oxidizes when either the groundwater 
lowers or environmental changes cause oxidizing conditions to occur. The oxidation causes a 
reddish brown film of iron oxide to form on the surfaces of the peds. Another coating that may occur 
is that of organic material translocated from the surface or A horizon that accumulates in the deeper 
deposits. This causes a dark brown to black coating on the pad faces to occur. All the coatings or 
accumulations stated above help in identification of natural fractures and macropores in glacial 
deposits. 
The fractures formed in glacial till by both shear and tensile processes as well as macropores 
influence many soil parameters. The appearance of fractures and macropores helps an engineer or 
soil scientists identify swelling, drainage characteristics, and preferential flow potential of glacial 
tills. Understanding how the fractures and macropores contribute to transport of contaminants has 
been the topic of recent research. It has been shown that due to the interconnectivity of the fractures 
and macropores contaminants may travel preferentially through a natural clayey till (McKay et al., 
1993). Preferential transport that occurs in these natural clayey tills indicates that soils of this type 
cannot be thought of as a banier for contaminants (Jones, 1992). Thus, an understanding on the 
genesis of fractures and macropores is essential for understanding this preferential flow occunring in 
glacial tills and other engineering properties. 
2.6 Water Flow through Soils 
Movement of water is caused by difference in total head. Flow occurs through the voids of 
the porous medium and is restricted by the pore size, shape, interconnectivity, and friction along 
pore walls. Flow of water through these pores can either be considered to be laminar or turbulent in 
character. For most flow conditions in soil, flow conditions are considered laminar since the flow 
velocity is relatively low. Laminar flow is said to exist when fluid moves in parallel paths and the 
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lines of flow are not braided or intertwined as the fluid moves through the porous media (Spangler 
and Handy, 1982). The flow of water through a channel, measured at a fixed point, can be 
expressed by the continuity equation 
Q = Ay Equation 3. 
where Q = flowrate per unit time ( /T) 
V = pore water velocity (L/T) 
A = cross-sectional area of flowing water(L^) 
However, in order to define water flow in soils, Darcy determined a relationship between the driving 
force to cause water flow, total head differences, and velocity. This relationship is known as Darcy's 
law and is a fundamental expression for fluid flow in soil mechanics. 
2.6.1 Darcy's Law 
Darcy's law has been used to express the flow rate of a fluid through a saturated porous 
medium since its introduction in 1856. Darcy found experimentally that the flow rate is proportional 
to the driving force or gradient. The gradient is defined as the change in total head, 9h, relative to 
the distance, 51, for which the drop occurs. The gradient, /, is expressed by the relation 
- 3h ^ ^ i=— Equation 4.  
al 
Darcy found that the velocity of the flowing fluid through a porous media was proportional to the 
gradient and a proportionality constant that represents the hydraulic conductivity of the media. 
Substituting this expression into the continuity equation results in (Lambe and Whitman, 1969) 
Q = kiA Equation 5. 
where Q = flowrate per unit time (/T) 
k = coefficient of permeability or hydraulic 
conductivity (L/T) 
/ = gradient (L/L) 
A = cross-sectional area of flowing water(L^) 
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2.6.2 Haaen-Poiseuille Equation 
Due to its simplified approach, the Hagen-Poiseuille equation does not take into account the 
irregular cross-sections and tortuous pathway of flow channels and is based on laminar fluid flow 
through straight capillary tubes of equal diameter. The derivation of this equation, while not directly 
applicable to real soil, is useful because it shows the influences of pore diameter on porous media 
flow characteristics (Spangler and Handy, 1982). The equation represents the volume of fluid 
flowing per unit time following the parabolic velocity profile of an ideal Newtonian fluid and is 
expressed by 
This emphasizes the important role of the pore diameter, which is to the fourth power, on the flow of 
a fluid through soil macropores. 
2.7 Preferential Flow through Macropores 
Preferential flow through macropores with reference to water movement through soils has 
been the topic of much research (Bootlink and Bouma, 1991; Dunn and Phillips, 1991; Douglas, 
1986; Germann and Seven, 1986,1981). This preferential flow is due to the amount of 
macroporosity in the soil. According to Seven and Germann (1982), many things contribute to a 
soils macroporosity and preferential flow including soil structure; fractures and aggregates, shrinkage 
and swelling; soil piping; plant roots; as well as insect, wonn and animal burrows. 
The Hagen-Poiseuille equation (Equation 6) shows that the flow rate increases with the 
fourth power of the pore diameter. This shows how the macroporosity becomes a major contributor 
to increased flow through a soil. It has been suggested that a small amount of macroporosity can 
Equation 6. 
where Q = flowrate per unit time (L^/T) 
D = pore diameter (L) 
/ = gradient (L/L) 
ji = unit weight of fluid (M/L^ 
tj = fluid viscosity (M/LT) 
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increase the flow of saturated soil by more than 1 order of magnitude in soils of low to moderate 
conductivity (Beven and Germann, 1982). It has also been found that vertically continuous 
macropores dominate permeability in some soils, despite occupying only a small portion of the total 
porosity (Douglas, 1986; Germann and Beven, 1981; Bouma et al., 1977). These observations raise 
questions on how preferential flow will affect the transport of contaminants. 
2.8 Contaminant Transport through Soils 
2.8.1 Light Non-Aaueous Phase Liauids(LNAPLs) 
LNAPLs released on or near the ground surface enters the unsaturated zone and travel 
through the unsaturated pores downward toward the ground water table. A schematic diagram of a 
possible LNAPL migration pattern is shown in Figure 2. if the release is small, the LNAPLwill flow 
downward within the unsaturated zone until capillary forces overcome the downward gradient and 
immobilize the contaminant at its residual saturation. This residual saturation results in a three 
phase system containing LNAPL, air, and water in the vadose zone. The volatile components of the 
LNAPL are transported to the different portions of the system by molecular diffusion. If the LNAPL 
contains relatively soluble components such as benzene, toluene, and xylene, infiltrating water may 
dissolve these components and transport them to the ground water table. The dissolved components 
thus create a plume emanating from the area of residual product (Palmer and Johnson, 1989). If 
large volumes of LNAPL are released, the product flows through the soil pores to the capillary fringe. 
Upon reaching the capillary fringe the product begins to dissolve and spread along the top of the 
capillary fringe. Contaminant dissolution changes the wetting properties of water and reduces the 
residual water content. The spreading is a result of the LNAPL being lighter than water and floating 
on top of the capillary fringe. However, as the head increases on the released contaminant it causes 
a depression in the capillary fringe where accumulation occurs. If the source of contamination is 
eliminated, the contaminant within the vadose zone will continue to flow downward due to gravity 
until it reaches residual saturation (Palmer and Johnson, 1989). Drainage of the vadose zone 
Leaking Tank 
VADOSE ZONE 
Vapor Phase LNAPL 
CAPILLARY FRINGE 
o 
Floating LNAPL 
WATER TABLE 
Residual 
LNAPL 
Saturation 
Dissolved LNAPL SATURATED ZONE 
Figure 2. Schematic of LNAPL migration pattern. 
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increases the amount of contaminant floating on the capillary fringe resulting in lateral spreading 
along the capillary fringe surface. An upward movement of the ground water table displaces only a 
portion of the contaminant that is not retained by residual saturation. Ground water flow through the 
area of residual saturation results in dissolution and a corresponding contaminant plume. Seasonal 
fluctuations in ground water table levels result in vertical spreading of the contaminant. Vertical 
spreading is caused by the lowering of the water table level resulting in downward contaminant 
migration into uncontaminated soil by gravity and the subsequent increase in ground water level 
forces all but the residual saturation of contaminant from the soil. Thus, ground water variations may 
result in increased contaminated soil volumes. 
2.8.2 Processes Controlling Non-Aaueous Phase Contaminant Transport 
In order to assess and remediate a contaminated site, an understanding of how the 
contaminant travels through and interacts with the subsurface environment is required. However, 
the subsurface transport of contaminants is controlled by many different processes including the 
physical, chemical, and biological processes. To predict contaminant transport under all of these 
complex processes, a mathematical model must be used. Many of the contaminant transport 
models currently available are based on advection-dispersion theory. 
2.8.3 Advection-Dispersion Theory 
The advection-dispersion theory can be applied to contaminant transport through a saturated 
porous medium. Advection, the first portion of the theory, is the transport of a non-reactive solute at 
the average linear ground water velocity. The average ground water velocity is the rate at which the 
flux of water across the unit cross-sectional area of pore space occurs (Fetter, 1993). The value of 
the average linear ground water velocity can be detemiined using Equation 7. The effective porosity, 
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Re, is the porosity that constitutes fluid flow excluding the non-interconnected and dead-end pores. 
Kdh ,  
— Equation?. 
n, o/ 
V* = average pore water velocity (l_/T) 
K = hydraulic conductivity (IJT) 
fJe = effective porosity (L^/L^ 
dh/dl = hydraulic gradient (UL) 
For one dimension steady state fluid flow, the advection transport equation is 
dC dC ' „  
— = -v,— Equations. 
at  ax  
dC/dt = change in concentration with time (M/L^/T) 
dC/dx = concentration gradient (M/L^/L) 
The solution of the advection transport equation yields a sharp concentration curve when 
plotted as a function of relative concentration versus pore volumes, see Figure 3a. At the advancing 
front of the curve all concentrations are that of the invading penneant, whereas on the other side of 
the curve concentrations are unchanged from background levels. This phenomenon is known as 
plug flow, because all the pore fluid is replaced by the invading solute front (Fetter, 1993). 
However, the heterogeneity of the subsurface geological material causes a deviation from 
pure plug flow because of diffusion and dispersion. Diffusion is the movement of solute from an area 
of greater concentration toward one of less concentration and will occur as long as there Is a 
concentration gradient. If the concentration of the permeant is held constant, the mass flux of solute 
diffusing can be expressed as Fick's first law. In one dimension, Fick's first law is 
Equation 9. 
F = mass of solute per unit area per unit time 
Da - molecular diffusion coefficient(L^/T) 
C = solute concentration(M/L^ 
dC/dx = concentration gradient (M/L^/L) 
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The values of Dd are known for many solutes and usually range from 1E-9 to 2E-9 m^/s at 
25° C (Fetter, 1993). The negative sign in Equation 9 indicates that the concentration gradient 
moves from one of greater to one of lesser concentration. If the spatial concentration of the 
permeant is variable (i.e., transient conditions), the diffusion will be govemed by Pick's second law. 
In one dimension this is 
— = D^-— Equation 10. 
dt dx 
Diffusion in a porous medium may not proceed as fast as it does in water since ions must 
travel longer pathways around soil particles. Thus, a value of effective diffusion was introduced 
which accounted for this difference by relating the diffusion to the tortuosity as shown by 
D'=wD^ Equation 11. 
D* = effective diffusion(L^/T) 
(D = tortuosity coefficient 
The value of to is found from diffusion experiments in which the solute is allowed to diffuse 
across a volume of porous medium. The tortuosity coefficient, a, has been found to range between 
0.5 to 0.01 for laboratory column tests on representative geological materials (Freeze and Cherry, 
1979). 
The mixing and spreading of contaminants within a porous medium is usually caused by 
mechanical dispersion and results in dilution Of the solute at the advancing front. The mixing is 
caused by the differences in flow velocities of the permeant due to differences in pore size, flow path 
length, and pore velocity profile. The mixing can occur either in the direction of flow, longitudinal 
dispersion, or normal to fluid flow, transverse dispersion. The mechanical dispersion coefficient can 
be described by Pick's law and is proportional to the pore water velocity. 
CoefRcent of Mechanical Dispersion = aEquation 12. 
ax = dispersivity in the X direction 
Vx = pore water velocity in the x direction 
18 
However, the processes of diffusion and mechanical dispersion for flow through a porous 
medium are difficult to separate; thus, experimenters proposed a coefficient written as the sum of 
two terms, mechanical dispersion and effective diffusion (Perkins and Johnston, 1963). The 
combined coefficient is represented by 
The total contaminant transport component is the sum of both the advective and dispersive 
components. The one dimensional advectlve-dispersion transport equation including both 
components is 
To demonstrate the effect of advection, diffusion, and dispersion on contaminant transport, 
several one dimensional concentration breakthrough curves are plotted in Figure 3a. In a one 
dimensional, homogenous system, the arrival of solute front center of mass, a value taken at a C/Co 
= 0.5, is a result of advective transport while the spreading of the breakthrough curve is a result of 
the combined diffusion and dispersion. 
2.8.4 Retardation of Contaminants 
Different contaminants may travel through the same subsurface materials at different rates. 
The slowing of contaminant transport through a subsurface material may be a result of contaminant 
retardation. Retardation results from chemical reactions between contaminants and geologic 
material. Some of the chemical reactions that may occur include: precipitation, adsorption, ion 
exchange, and partitioning into soil organic matter. The effect of the retardation on the breakthrough 
D^ = a,v,+D' 
Dr  =  a ,v ,+D-
Equation 13. 
Equation 14. 
Dl = longitudinal dispersion 
Dt = transverse dispersion 
aL = longitudinal dispersivity 
ttT = transverse dispersivity 
Equation 15. 
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curve is shown in Figure 3b. The advection-dispersion-retardation equation for one dimensional 
contaminant transport is 
dC dfD^d'C]  v^dC _  
—  =  —  — — T  —  E q u a t i o n  1 6 .  
dt  dx[Rdx' )  R dx 
where R = Retardation Coefficient 
If the retardation factor (R) is equal to 1.0 then the contaminant is nonreactive and Equation 15 will 
govern. However, if R is greater than one then the velocity of the contaminant is less than the 
ground water velocity resulting in a reduction in the velocity of the contaminant. Contaminants with 
lower retardation factors are transported greater distances over a given time. 
2.8.5 Limitations of the Advective-Dispersion Model 
The advection-dispersion theory has been used to simulate contaminant transport with some 
discrepancies between the theory and laboratory values being observed. These variations may be 
attributed to a variety of mechanisms such as immobile zones of water within the soil columns, 
solution-solid interactions, anion exclusion, and diffusion into and out of aggregates (Palmer and 
Johnson, 1989). 
An apparent variation is the scale dependency of the dispersion coefficient which has been 
observed to range from small values (0.0001 to 0.01 m) in laboratory column tests to large values 
(10 to 100 m) in field experiments (Gillham and Cherry, 1982) (Pickens and Grisak, 1981). For a 
small flow study, mechanical dispersion is caused by differences in fluid velocities within a pore, 
between pores of different size, and in flow path lengths (Fetter, 1993). Since dispersion can be 
caused by differences in velocity within individual pores during small scale flow studies, larger 
dispersion values will result in larger scale field studies due to changes in hydraulic conductivity 
values and corresponding flow velocities. 
It has been also noted that the advection-dispersion theory does not represent transport 
regimes in which the invading contaminant is parallel to the stratification (Matherson and de 
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Figure 3. Advective transport and the effect of diffusion, dispersion, and 
retardation. 
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Marsily, 1980), (Gillham et al., 1984). The conclusion of this research is of particular relevance to 
contaminant transport in fractured rocks or soils where parallel fractures may transport the 
contaminant without significant dispersion in the direction of flow. 
2.9 Contaminant Transport through Fractured Media 
Solute transport through fractured porous media has become an important area of research 
in past years (McKay et a!.. 1993), (Zimmerman et. al., 1992), (Middleton and Quigley, 1990), (Hull 
et. al., 1987), (Gillham et al., 1984), (Sudicky and Frind, 1982), (Tang et al., 1981), (Grisak et al., 
1980). A main reason for increased interest is the complexity of transport through fractured material 
due to the variability in the extent, degree, and interconnectivity of fractures, and differences in 
fracture aperture and porosity. Contaminants in these complex systems may either travel through 
the fractures, the matrix, or a combination of both. The combination of both is usually thought of as 
advective-dispersive transport dominated by the fractures, and diffusive transport dominated by the 
matrix (Grisak and Pickens, 1980). 
Flow analysis in fractures has been studied using a series of different approaches varying 
from analytical to numerical solutions based on continuous and discontinuous fractures. These 
analyses are important because fractures possess the potential to direct contaminant flow and 
increase transport rates in otherwise low permeability materials. If the fracture density is extremely 
low, it may be necessary to analyze the flow with respect to individual fractures and if the density is 
sufficiently high, it may act similar to a granular porous medium. 
2.9.1 Systems of Single and Parallel Fractures 
The single fracture system is a convenient way of studying the fracture matrix interactions as 
shown by previous research performed by Tang et al., (1981) and Grisak and Pickens (1980). This 
research used the analysis of a single fracture system to establish analytical and numerical solutions 
for the contaminant transport equation for a radioactive isotope tracer. The system utilizes a rigid 
fracture situated in a porous medium as seen in Figure 4. The ground water velocity in the 
«I::S 
u. 
Figure 4. Single fracture-matrix system (Tang etal., 1981) 
N3 to 
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fracture is assumed to be constant and the a constant contaminant source exists at the origin of the 
fracture (Tang et al., 1981). In order to determine a solution, the following assumptions relating the 
to the geometry and hydraulic properties of the system were made (Tang et al., 1981): 
1. The width of the fracture is much smaller than its length. 
2. Transverse diffusion and dispersion within the fracture assure complete mixing 
across the fracture width at all times. 
3. The permeability of the porous matrix is very low and transport in the matrix will be 
mainly by molecular diffusion. 
4. Transport along the fractures is much faster than transport within the matrix. 
Assumptions 1 and 2 are the basis for a one dimensional transport regime along the fracture and 
assumptions 3 and 4 provide a basis for mass flux in a direction perpendicular to the fracture. One 
dimensional flow within a single fracture can be described by solving the Navier-Stokes equation for 
nonturbulent flow of viscous incompressible fluid between parallel plates. From Snow (1968,1969) 
the hydraulic conductivity of a fracture can be determined by 
X Equation 17. 
12/i 
where Kf= hydraulic conductivity of a fracture, (L/T) 
p = fluid density, {Mil?) 
g = gravitational constant, (L/T^) 
2b = fracture aperture, (L) 
/i = dynamic viscosity of the fluid, (M/LT) 
The average pore water velocity is an important factor for determining the transport characteristics in 
a fractured medium. For steady state conditions, the average velocity in a fracture can be 
computed 
V, Equation 18. 
Vf = average fluid velocity in a fracture, (L/T) 
dh/dl = hydraulic gradient, (L/L) 
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The critical importance of fracture size and spacing data on the transport of tracer through 
laboratory samples is described in Grisak et al., 1980. 
Since the size of a fracture in a porous medium is difficult to measure, a method was 
developed by Grisak et al., 1980 for determining an effective fracture aperture using Navier-Stokes 
equation and flow data from column tests. The effective aperture of the fractures was calculated 
from the "Cubic Law" relationship 
(2b)^ = ^  . • 2B Equation 19. 
«(•%) 
where Q = Total Volumetric flow rate, (L^/T) 
A = Total cross-sectional area of the sample, (L^) 
2B = Effective fracture spacing. (L) 
Since it is unlikely that only a single fracture will be conducting fluid flow through a porous 
media, researchers including McKay et al., (1993); Hull et al., (1984); Gillham et al., (1984); and 
Sudicky and Frind, (1982) have developed analytical systems containing a network of parallel 
fractures. The network consists of set of identical fractures that are parallel and equally spaced as 
shown in Figure 5. A measured value of hydraulic conductivity for a fractured porous medium in a 
laboratory or field setting represents an equivalent hydraulic conductivity composed of fracture and 
matrix conductivity values. Assuming that the hydraulic conductivity in the vertical plane and the 
matrix conductivity are isotropic, an equivalent hydraulic conductivity of the system can be 
represented by (McKay et al., 1993) 
Equation 20. 
where Kx = Equivalent (or measured) hydraulic conductivity in 
x-direction, (L/T) 
Km = Matrix hydraulic conductivity, (L/T) 
2B = Fracture spacing, center to center (L) 
2b = Fracture aperture (L) 
l>0 Oi 
Figure 5. Parallel fracture-matrix network (Sudicky and Frind, 1982) 
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Another important portion of the system information is an approximation of the fracture porosity. The 
fracture porosity, nt, can be determined for the system using 
The values of fracture aperture, velocity, and porosity are approximations of laboratory or 
field testing conditions. One limitation of these approximations may be the assumption that the 
fractures are smooth and at constant aperture. In actuality, the fractures form a tortuous path with 
many different velocity profiles as shown in Figure 6 (Raven et al., 1988). The effect of contact area 
on the hydraulic conductivity of fractures has been studied (Zimmerman et al., 1992). This research 
found that varying the shape of the obstructions, and their location and orientation affected the flow 
velocities within the fracture which in turn varies diffusion rates into the adjacent porous matrix. 
2.9.2 Diffusion in Fractured Media 
Diffusion of mass into the porous matrix adjacent to the fracture has been studied by Hull et 
al., (1987), Gillham et al., (1984), and Grisak and Pickens, (1980). This research noted that 
transport occurred by two mechanisms, advection fluid flow through the fracture and diffusion into 
the adjacent porous media. The distribution of flow within a single fracture is shown in Figures 7 & 
8. The transport of the solute within this system was described by (Hull et al., 1987) 
At high flow velocities, advection dominates and the concentration profile in a fracture will look like 
the one in Figure 7. For low flow velocities, the diffusion will become important and result in a solute 
transport profile as seen in Figure 8. 
Each of the corresponding flow velocities relates to the residence time for solute transport. 
For advection, the fracture residence time is {Uv), where L is the length of fracture; and for 
Equation 21. 
Equation 22. 
where T = fractional transverse position in a fracture 
Inertia! Core' 
Fluid Velocity Profile 
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Immobile Fluid 
Zone Vortices and eddies 
Figure 6. Zones of mobile and immobile water in a fracture (Raven et al., 1988) 
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Figure 7. concentration profile in a fi'acture of aperture, 2b, with a constant source of input, Co and zero 
concentration boundaries at center of matrix blocks at high flow velocities (after Grisak and Pickens, 1980). 
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Figure 8. Concentration profile in a fracture of aperture, 2b, with a constant source of input, Co and zero concentration 
boundaries at center of matrix blocks at low flow velocities (after Grisak and Pickens, 1980). 
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diffusion it is thie time defined by the ratio of the diffusion distance to the diffusion coefficient (y^/D), 
where y is the diffusion distance (Hull et ai., 1987). These two variables can be used to see what 
type of transport is occunring within the fracture and to determine if diffusion needs to be considered. 
If the induced change in solute concentration due to diffusion is less than 2% over a distance 10% of 
the width, diffusion is considered negligible. This defines the residence time in a fracture to be 
(Crank, 1975) 
— < 0.003-^ Equation 23. 
v D  
If the solute concentration front reaches 98% of its equilibrium value at all points across the fracture, 
homogenization of the tracer front has occurred and the residence time in the fracture will be 
->0.05-^ Equation 24. 
V D 
The homogenization of the tracer front across the fracture at low flow velocities allows the solute 
transport to follow a one-dimensional, advection-dispersion equation with the longitudinal diffusion 
coefficient equal to (Hull et al., 1987) 
(v^ZbY 
Pl = ^210P- Equation 25. 
Fracture residence times necessary for homogenization as a function of fracture aperture is shown in 
Figure 9. This figure suggests that for most flow situations the velocity profile across the fracture 
may be disregarded. As an example of this, homogenization will occur with a residence time of one 
minute or more for a fracture of 1 mm aperture. 
2.10 Multiphase Flow Theory 
The flow of liquids that are immiscible in water is an important aspect of contaminant 
hydrology. These liquids are usually defined as lighter than water non-aqueous phase liquids 
(LNAPLs) or denser than water non-aqueous phase liquids (DNAPLs). While these liquids are found 
to be partially soluble in water, a large portion stays within the non-aqueous phase. The 
10/ /m 100/ /m I  mm 
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Figure 9. Fracture residence time necessary for homogenization of tracer across the fracture width by molecular 
diffusion (after Hull et al., 1987) 
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flow of the non-aqueous phase liquid is depend on the different physical and chemical properties of 
the liquid such as viscosity, density, and interfacial tension as well as the physical properties of the 
porous medium. 
The basic theory of non-aqueous phase liquid transport has been developed by the 
petroleum engineers, who studied the flow of petroleum through reservoirs that contained water (e.g., 
Sheldon et al., 1959; Payers et al., 1959). 
2.10.1 Darcv's Law for Two-Phase Flow 
In the subsurface, the water is the wetting liquid(i.e. has a strong affinity for soil grains) and 
tends to cover the edges of pores and soil grains. This wetting forces the non-wetting fluid, NAPL, 
to travel through the central portion of the pore space with the result that neither the water nor the 
NAPL occupy all the pore space. This conclusion shows that the permeability with respect to each 
fluid is different than when the pore space is entirely occupied by a given phase (Palmer and 
Johnson, 1989). For steady-state saturated water flow in the presence of a non-aqueous phase 
liquid, Darcy's law becomes (Schwille, 1984) 
Q Equation 26. 
Mw 
where Q,v = volume of water flowing (L^ 
krH = relative permeability of water in the presence of the non-wetting 
fluid (I/O 
ki = intrinsic permeability of the porous medium (L^) 
pw = density of water (M/L^ 
fiw = dynamic viscosity of the water (M/LT) 
A = cross-sectional area of flow (L^) 
dh^dl = gradient of the head of the water (L/L) 
A similar equation for the non-wetting fluid is 
« -'tmw*/Pnw I- *• OT Q™=— A—Equation 27. 
d l  
If the two-phase flow is considered to be incompressible and one dimensional, the mass 
conservation is equivalent to volume conservation. This equivalence allows for determination of 
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relative saturation and permeability values to be determined for the porous medium in question by 
performing a displacement test (Johnson et al., 1959). The relative permeability is a function of the 
portion of pore space occupied by the fluid, i, and is defined as 
Equation 28. 
where S/ = fraction of pore space occupied by phase (L^/L^ 
kri = relative permeability of phase i (L/T) 
ki Si = permeability of the medium to phase i at saturation S; (L/T) 
kai = pemieability of the medium at complete saturation of phase i, 
(UT) 
Relative permeability curves exist for the non-wetting and wetting fluid in a porous media as 
shown by the relative pemieability curves in Figure 10. These curves relate important 
characteristics of multi-phase flow. At 100% water saturation, the relative permeability of water and 
NAPL are 1.0 and 0, respectively. As the fraction of NAPL in the pore space increases, a 
corresponding fraction of water in pore space decreases. Thus, as the saturation of wetting fluid, 
Sw, decreases, the relative permeability with respect to this phase approaches zero. The zero 
relative permeability for the wetting fluid occurs at an irreducible saturation, Snv. at which there is no 
significant flow of water. The relative permeability of the non-wetting fluid behaves similarly. As the 
saturation of non-wetting fluid, Sm, decreases from 100% , the relative permeability of the non-
wetting fluid, NAPL, approaches zero. The saturation value at zero relative permeability of the 
NAPL is the immobile fraction and defined as residual saturation. 
2.11 Contaminant Residual Saturation-Saturated Zone 
The weight of the LNAPL causes depression of the capillary fringe and water table, and 
lateral spreading. The rebound of the capillary fringe and the water table over time traps some of the 
LNAPL within the saturated zone. Another process that leads to residual LNAPL in the saturated 
zone is the rise in the water table due to recharge. This forces most of the LNAPL out of the pore 
space, leaving a portion for residual saturation. 
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Figure 10. Relative permeability as a function of saturation (after Palmer and Johnson, 1989) 
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2.11.1 Capillary Trapping Phenomena 
Capillary trapping phenomena have been studied by petroleum engineers to increase oil 
displacement by water. A few examples of these studies are: Chatzis et al., (1988); Hornof and 
Morrow, (1988); Moore and Slobod, (1956); Morrow, (1979). The studies were concerned with the 
mechanisms that trapped residual oil and how to reduce the amount of residual oil trapped within a 
reservoir. In contaminant hydrogeology studies of NAPLs, we look not only at how to reduce the 
residual saturation but also the mechanisms that initially resulted in the presence of contamination. 
The behavior of NAPLs in groundwater is controlled by three major factors, which include 
capillary forces, viscous forces, and gravitational or buoyant forces. Capillarity is the result of forces 
within each fluid phase and the adhesive forces between the solid phase and each of the fluids 
(Wilson et al., 1990). The capillary forces are proportional to the interfacial force at the fluid-fluid 
interface and inversely proportional to the pore size. The viscous forces are proportional to the 
pemieability of the media and the pressure gradient. The buoyant forces are gravitational forces that 
are proportional to the differences between the density's of the two fluids. To better understand the 
effects of residual saturation, one must understand the basic concepts of these trapping forces. 
2.11.2 Interfacial Tension 
A liquid when brought in contact with another substance, which can be liquid, solid, or gas, 
possesses an interfacial energy that results from the differences in molecular attractive forces 
between itself and the other substance. In the interior of a homogenous liquid, a molecule is acted 
upon by equal weighted forces, but at the fluid-fluid interface the cohesive forces are not equal due 
differences in attractive forces. The attractive forces are greater for molecules of its own phase and 
less for molecules of a different phase. A diagram of this phenomenon is shown in Figure 11. As 
the unbalanced forces try to equilibrate they pull the fluid-fluid interface inward stretching it like a 
membrane and resulting interfacial tension. The interfacial tension is the restoring force that seeks 
to minimize the interfacial area between the two fluids. 
immiscible fluid 2 
fluid-fluid interface; 
C;. /  /  ' '  '  ' •'' '  '  
CO 03 
Figure 11. o" a molecule inside a fluid and at its interface with another, immiscible fluid 
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2.11.3 Wettability 
Wettability refers to the relative affinity of various fluids (i.e., water, air, and organic 
pollutants (NAPLs)) for the soil. Figure 12 shows contact angle measurement on a clean, smooth 
surface. The interface angle between the two liquids and a solid, in Figure 13, is given by 6, the 
contact angle, and can be computed by (Fetter, 1993) 
The contact angle, 6, provides a direct measurement of wettability. At the contact point where fluid 1 
(e.g., water) and immiscible fluid 2 (e.g., NAPL), meet the solid phases, both the cohesive forces 
between the liquids as well as the forces between the solid and each liquid are acting on the system. 
If the corresponding contact angle is acute, it becomes a water wet system; otherwise it is an organic 
fluid wet system. Research in the petroleum industry has shown the effect of wettability on the 
recovery of oil (Amott, 1959; Fatt and Klikoff, 1959) Thus, contaminant transport of NAPLs will also 
be directly affected by soil wettability. 
cos6 = Equation 29. 
where os2= interfacial tension between solid and immiscible fluid 2 
asi= interfacial tension between solid and fluid 1 
ai2= interfacial tension between fluid 1 and immiscible fluid 2 
0 = contact angle, degrees 
2.11.4 Capillarity 
When two immiscible fluids are in contact in a capillary tube or pore, a meniscus is formed 
between the two fluids at their interface, shown in Figure 13. This curved interface is caused by the 
\ \ •* y V \ r" \ \ \ III \ /////Z^/////// y///////////// //////////////. 
water wet Intermediate wet organic liquid wet 
water 
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Figure 12. Contact angle measurement on a clean, smooth surface (Wilson et al., 1990) 
Figure 13. Hydrostatic equilibrium of two fluid pliases in contact with a solid phase (after Melrose and Brander, 1974) 
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pressure difference over the interface and is defined as the capillary pressure, shown by 
p sP - P =<JC = 
" c nw ' w 
2a _ 2acose 
fc ~ r, 
Equation 30. 
where Pc = capillary pressure, (M/L^) 
Pnw= pressure of non-wetting phase, fluid 2 in Fig. 13, (M/L^) 
Pvr pressure of wetting phase, fluid 1 in Fig. 13, (M/L ) 
C = curvature of the fluid-fluid interface (1/L) 
fc = radius of curvature, (L) 
rt = radius of capillary tube, (L) 
a = fluid-fluid interfacial tension (M/L) 
The capillary pressure is directly proportional to the interfacial tension and inversely proportional to 
the radius of curvature. The radius of curvature is affected by the amount of fluid present in the pore 
system and the pore size. An example of the radius of curvature for a spherical capillary interface 
between solids is shown in Figure 14. 
The capillarv forces act on the pore space throughout the saturated and unsaturated zone of 
a porous media. The zone of capillarity or capillary fringe above the ground water table is a notable 
example of this mechanism. The combination of capillary affects, the interfacial forces, and 
wettability characteristics induce trapping of contaminants in the subsurface. 
2.12 Capillarv Trapping Mechanisms 
There are two types of trapping mechanisms that occur in a two fluid system when the non-
wetting fluid is being displaced by the wetting fluid or a wetting fluid is being displaced by a non-
wetting fluid. The differences in trapping of a permeating NAPL and that of a NAPL being displaced 
may be due to the differences in contact angle measured during pemneation or displacement. The 
contact angle for a non-wetting fluid invading is less than that if it was being displacing fluid. The 
capillary trapping mechanisms are snap-off and by-passing. 
ii»«ei!. 
Iplip 
Figure 14. Radius of curvature for a spherical capillary interface (Fetter, 1993). 
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2.12.1 Snap-Off 
Snap-off occurs when a non-wetting fluid is being forced out of a pore body into a pore 
throat. The ability for this mechanism to occur is dependent on the wettability and aspect ratio - the 
ratio of pore-body diameter to pore-throat diameter (Wardlaw, 1982). 
Two examples of different aspect ratio are shown in Figure 15. The low aspect ratio results 
in no snap-off while the high aspect ratio results in snap-off. In the high aspect ratio pores, the water 
travels along water wet surfaces to the much smaller pore-throat trapping the residual non-wetting 
fluid in the pore body. Snap-off occurs as the water continues through the exit pore throat leaving 
behind a droplet of non-wetting fluid, as shown in Figure 15a. In the low aspect ratio pores, the non-
wetting pore fluid is completely displaced by the wetting fluid since the pore-throat and pore-body are 
approximately the same size. This mechanism is shown in Figure 15b. 
The potential for snap-off is a function of the wettability and pore geometry (Wardlaw, 1982). 
As shown in Figure 16, the contact angle of the fluid is acute resulting in snap-off. Figure 17 shows 
an intermediate contact angle of 90° that causes the curvature at the interface to remain relatively 
small. Thus, no snap-off occurs at the intermediate contact angles, assuming pore walls are smooth. 
If roughness of the pore walls occurs, contaminants may be trapped in the unconformities of the pore 
body as shown in Figure 18. 
2.12.2 Bypassing 
By-passing has been described on a microscopic scale by using the pore doublet model 
(Moore and Slobod, 1956; Chatzis and Dulien, 1983; Chatzis et al., 1983). The pore double model 
consists of two tubes, one being larger than the other, which split into two pores and then rejoin. For 
the pore doublet model to occur, the diving force of the fluid flow within the pores must be kept low 
and is the sum of capillary and dynamic pressure drop caused by flow (Moore and Slobod, 1956). On 
a pore scale, the capillary forces are much greater than the dynamic forces resulting in capillarity 
controlling the advance of the wetting fluid front causing water to fill the narrower pore (Chatzis and 
Dullien, 1983). 
a. high aspect ratio pores (snap-off): 
wetting 
fluid 
pore 
body 
pore 
body 
pore 
body 
pore 
body 
non-wetting 
fluid 
pore 
throat 
pore 
throat 
pore 
throat 
b. low aspect ratio pores (no snap-off): 
wetting 
fluid 
non-wetting 
fluid 
Figure 15. Effect of pore aspect ratio on organic liquid trapping in a tube of non-uniform diameter 
(after Chatzis et al., 1983). 
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Figure 16. Wetting fluid displacing a non-wetting fluid from a circular, high aspect ratio pore under strongly wet 
conditions (after Wardlaw, 1982) 
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Figure 17. One fluid displacing another from a circular, high aspect ratio pore under intermediate wetting conditions 
(after Wardlaw, 1982) 
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Figure 18. Final conditions after an advancing fluid displaced a retreating fluid from rough-walled pore under 
intermediate wetting conditions (after Wardlaw, 1982) 
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Several different circumstances of a non-wetting fluid being displaced by a wetting fluid 
using the pore doublet model are shown in Figure 19. The model assumes that the pore walls are 
smooth and water wet. In Figure 19a, the water enters the narrow pore opening (stage 1) forcing the 
stable fluid-fluid interface into the entrance of the wider pore (stage 2). If the stable meniscus can be 
maintained in the downstream pore, the non-wetting fluid can be pushed out of the wider pore (stage 
3). The two menisci rejoin in the downstream pore (stage 4) and no trapping occurs. The trapping 
mechanism shown in Figure 19b illustrates by-passing. As in Figure 19a, the fluid enters the 
nanrower pore first (stage 1) but does not create a stable fluid -fluid interface (stage 2). Thus, the 
non-wetting fluid becomes disconnected from the main body of liquid, trapped within the pore, and 
by-passed by the advancing water (stage 3). 
Figure 19c combines both the snap-off and by-pass trapping mechanisms. Fluid enters the 
narrower pore first (stage 1) but due to the high aspect ratio In the narrow pore snap-off occurs (stage 
2). Water continues to flow in the narrow pore to the downstream exit. No stable meniscus is 
fonned with the non-wetting fluid in the wider pore resulting in by-passing of the advancing water 
flow (stage 3 & stage 4). 
The pore double model allows contaminants to be by-passed in at most one pore, however in 
a porous media many of these pore systems may occur resulting in large quantities of trapped 
contaminants. In the snap-off mechanism, contaminants are trapped in the extent of one pore. As 
the aspect ratio decreases, the proportion of contaminant trapped by by-passing, relative to snap-off 
increases (Wilson et al., 1990). Wettability, pore aspect ratio, and soil heterogeneity all influence 
contaminant trapping. 
2.14 Measurement of Residual Saturation 
Quantitative measurements of non-wetting fluid residual saturation have been made by 
many researchers in the petroleum industry on reservoir cores and glass bead columns (Anderson, 
1988; Chatzis et al., 1983,1988; Homof and Morrow, 1988; Moore and Slobod, 1956; Mon'ow et al.. 
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Figure 19. Sketches illustrating trapping mechanisms using the pore doublet model (after Chatzis etal., 1983) 
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1988). Two phases of experiments were performed; one involved a saturated core that was 
permeated with non-wetting fluid that displaced the wetting fluid to its irreducible saturation. The 
other phase was to displace the non-wetting phase by a wetting phase and determine a residual 
saturation of the non-wetting phase. In these experiments, the wetting phase was usually water and 
the non-wetting phase was a petroleum hydrocarbon. 
In the first phase of the experiments, the non-wetting phase saturation was measured as the 
volume of non-wetting fluid per unit pore volume in column experiments. The non-wetting saturation 
value can be computed by 
Equation 31. 
where Non-wetting phase saturation in sample 
Vnw= Volume of non-wetting phase in sample (L^ 
Vv = Volume of voids in sample (L^ 
The wetting phase saturation, Sw, can be computed by 
= 1 - Equation 32. 
In phase two, the non-wetting fluid is displaced by the wetting fluid to a residual saturation. 
Thus, the non-wetting fluid becomes discontinuous and trapped by the mechanisms discussed in the 
previous section. The residual saturation of the non-wetting fluid trapped by the capillary forces is 
defined by 
Equation 33. 
where Smn = Non-wetting phase residual saturation in sample 
Vmvr = Volume of residual non-wetting phase in sample (L^ 
Previous research in water wet, uniformly-sized glass beads by Mon-ow and Chatzis (1982), 
Chatzis et al., (1983), and Morrow et al., (1988) have shown that the residual non-wetting phase 
saturation ranges between 14 and 16 percent. 
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2.15 Determination of Physical Transport Parameters 
Many different methods and testing apparatuses are used for determining the hydraulic 
conductivity of a saturated porous medium. Methods include the constant head test, the falling head 
test, the falling head-raising tail water test (Middleton and Quigley, 1990), and the constant flow rate 
method that requires a measurement of the gradient (Goodall and Quigley, 1977). Testing 
apparatuses include the fixed and flexible wall permeameter. 
2.15.1 Permeability Testing Methods 
Constant head tests are usually performed on coarse-grained materials by measuring the 
head loss of a permeant flowing through the sample and recording the flow rate during an interval of 
time. The corresponding conductivity can then be determined using Darcy's law, see Equation 5. 
Falling head tests are used to measure the penneability of fine grained material by 
measuring the flow of fluid into the sample and the corresponding head during an interval of time. 
The conductivity is then determined using Darcy's law and continuity, integrating over limits for 
head and time. 
The third method, the falling head-raising tailwater test was used in this laboratory study and 
will be covered in detail. 
2.15.2 Falling Headwater-Risino Tailwater Method 
The falling headwater-rising tailwater method is used when volumes of fluid within the 
sample are going to be determined by continuity. This method monitors the influent and effluent of 
the sample over time. The gradient is no longer constant due to the changing levels of fluid in each 
burette during the testing period. Thus, Darcy's law must be integrated over the limits for gradient 
and time. The conductivity of a saturated soil may be determined from a falling 
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headwater-rising tailwater test by 
Equation 34. 
where a = cross sectional area of burette (L^) 
L = Length of the sample (L) 
h = applied head in cm of H2O (L) 
hin = height of fluid in influent burette (L) 
hout= height of fluid in outflow burette (L) 
K = permeability of the porous media (L/T) 
At = t2 - ti = change in time (T) 
2.16 Permeability Testing Apparatus 
Two types of testing equipment are most commonly used in the laboratory to determine 
hydraulic conductivity of a saturated porous material; fixed wall and flexible wall permeameters. 
2.16.1 Fixed Wall Permeameter 
The fixed wall permeameter uses soil samples that are either trimmed or compacted into a 
metal ring or compaction mold and then tested using one of the previously stated methods. 
Problems associated with the fixed wall apparatus are that in situ stress conditions cannot be 
reproduced, and sidewall leakage may occur along the interface between the sample and test ring or 
cylinder. These problems lead to higher measured hydraulic conductivity values than those 
measured with flexible wall permeameter equipment. 
2.16.2 Flexible Wall Permeameter 
The flexible wall or triaxial permeameter uses a rubber membrane in place of the rigid metal 
ring or cylinder. The membrane is kept in contact with the sample walls by applying a cell (confining) 
pressure to the outside of the membrane. The main advantages of this system are that in situ stress 
conditions can be reproduced and potential leakage along side walls is reduced. 
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2.17 Factors Affecting Hydraulic Conductivity Measurement 
Several factors can affect the results of laboratory permeability tests. These factors can be 
related to sample preparation, sample size, permeating fluid properties, and stress regime. 
2.17.1 Sample Preparation Effects 
Obtaining representative laboratory specimens from field samples may lead to unwanted 
sample disturbance. Much of the disturbance occurs during trimming of the sample. Examples of 
trimming disturbances are cracks forming around the edges of the samples and the formation of a 
smear zone across the sample surface that tends to seal fluid conducting features such as fractures 
and macropores. Other disturbances may be caused by stress relief from sample extrusion. This 
effect can cause fractures to open and samples to expand. To minimize all of these problems, 
proper handling and trimming techniques must be established and used. 
2.17.2 Sample Size Effects 
It has been shown that, in the laboratory, as sample size increases the hydraulic conductivity 
values increase and that the hydraulic conductivity values measured in the laboratory are always 
smaller than those determined in situ (McKay et al., 1993). The differences between laboratory and 
field hydraulic conductivity values are due to the laboratory specimens not representing the field 
structures (i.e., fractures and macropores), interconnectivity of fractures and macropores, and 
heterogeneity of the soil (i.e., sand lenses), or disturbance effects which occur during sampling. 
2.17.3 Fluid Properties Effect 
Previous research perfomned by Yong and Rao, 1990 has shown that pure hydrocarbons 
influence the hydraulic conductivity of clay soils. The degree of influence is dependent on the type of 
laboratory testing method used. Permeation with petroleum hydrocarbons results in a decrease in 
hydraulic conductivity when a flexible wall permeameter is used and an increase in hydraulic 
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conductivity when a fixed walled permeameter is used (Yong and Rao, 1990). Other permeant 
properties that affect the hydraulic conductivity of a soil are the fluid viscosity, density, and 
temperature. 
2.17.A Effect of Lateral Stresses on Hydraulic Conductivity 
Lateral stresses may affect the hydraulic conductivity in several different ways. These 
include the application of an unrealistic during flexible wall permeation tests or stress application 
limitations of the permeameter, as in a fixed wall penneameter. The effect of lateral pressure on 
hydraulic conductivity values has been shown by the research of Daniel, 1984 and Wang, 1990. 
The research performed by Daniel, 1984 illustrated that the lateral stresses applied to a sample 
directly affects the void ratio, which in turn would effect hydraulic conductivity results. The work 
done by Wang, 1990 has shown that the penneability of fractured laboratory samples is highly stress 
dependent and that the hydraulic conductivity becomes nearly constant at a confining pressure 
above the measured in situ lateral stress value. 
2.18 Column Breakthrough Tests 
Column breakthrough studies allow evaluation of the effects of several material properties 
on the one dimensional transport of solutes in a saturated porous medium. Breakthrough curves are 
developed by plotting the effluent concentration versus time of flow or the pore volumes of flow. The 
shape of the breakthrough curve Is dependent on properties of the porous medium, such as effective 
porosity and hydraulic conductivity, applied gradient, the nature of solute, and initial and boundary 
conditions used in during column testing. 
The most common boundary condition for laboratory column breakthrough tests is that of a 
fixed step function. This function uses a tracer solution introduced into the column instead of water. 
The initial concentration of the solute in the column equals zero, and the concentration of the tracer 
solution equals a constant initial concentration, Co- The effluent of the column is analyzed at fixed 
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time intervals for tracer concentrations, C, with the ratio of C/Co versus time or effluent pore 
volumes being plotted to create a breakthrough curve. An example of a breakthrough curve is shown 
in Figure 20. The effluent concentration determined from the collection reservoir represents the flux 
concentrations, Cj (mass of solute passing through a given cross section per unit volume of fluid 
during an elementary time interval), not the resident concentration, Cr (mass of solute per unit 
volume of the fluid contained in an elementary volume of the soil at a given instant). Schakleford, 
1994 has shown that the difference in these two concentrations becomes critical when low flow 
velocities are encountered and that breakthrough curves could be misinterpreted if the resident 
concentration was used in analysis of effluent concentrations. 
The boundary and initial conditions for a fixed-step function column study are given by 
(Schakleford, 1994) 
This solution to the advection-dispersion equation can then be used to determine the longitudinal 
hydrodynamic dispersion coefficient and retardation for the soil column with all other variables 
known. 
The breakthrough curves(see Figure 20) can be subdivided into three stages: one that 
represents the penneant reaching the effluent end of the column, a second that represents the 
transitional zone where the C/Co continually increases, and a third that represents steady state 
solute transport conditions. Due to the spreading effect of the permeating solute front in the 
transition zone, stage 2, there are an infinite number of travel times depending on the particular 
relative concentration, C/Co being considered. 
C(x,0) = 0 
C(0, t) = Co 
C(oo, t) = 0 
X ^ 0 Initial Condition 
t ^ 0 Boundary Condition 
t ^ 0 Boundary Condition 
Solving the advection-dispersion equation. Equation 16, for these conditions yields 
Equation 35. 
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Figure 20. Zones of solute breakthrough curves for a constant source concentration (after Shackelford, 1993) 
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2.18.1 Effective Porosity 
Effective porosity is the portion of the porosity that significantly accounts for fluid flow, 
excluding non-interconnected and dead end pores (Schakleford, 1993). The value of effective 
porosity may be estimated from a conservative tracer breakthrough curve by multiplying the 
breakthrough pore volume at a C/Co value equal to 0.5 by the total porosity. Another value of 
porosity that can be determined from the breakthrough test is the breakthrough porosity. The 
breakthrough porosity corresponds to the first appearance of a tracer as it passes through a soil 
column (McBride et al., 1987). The value of breakthrough porosity can be useful in predicting a 
breach of a contaminant containment system. 
2.18.2 Effect of Dispersion and Diffusion 
The advection-dispersion equation is commonly used to model contaminant transport 
through a saturated porous medium. However, the values of dispersion and molecular diffusion 
must be measured for each soil at known flow conditions. A combined coefficient, namely 
hydrodynamic dispersion, may be obtained from laboratory column breakthrough tests by solving the 
advection-dispersion equation for known boundary conditions. The hydrodynamic dispersion occurs 
because of the mechanical mixing during fluid advection and molecular diffusion due to the thermal-
kinetic energy of the solute particles (Freeze and Cherry, 1979). This phenomenon results in solute 
spreading and dilution of the breakthrough curve. 
2.18.3 Effect of Retardation 
Retardation affects tracers that are reactive with the porous medium. Reactivity results in an 
offset of the breakthrough curve relative to that of a non-reactive tracer, see Figure 3b. The amount 
of offset is directly dependent on the reactivity of the permeant. The transit time for retarded solutes 
through a soil column will be greater than the transit time for non-reactive solutes (Shackelford, 
1993). A value of retardation for different contaminants can be determined by comparing the results 
of reactive and non-reactive tracer tests. 
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CHAPTERS. FIELD TESTING 
3.1 Site Description 
The hydraulic conductivity test samples were obtained at an Iowa State University research 
farm located in central Iowa, approximately 11 miles west of Ames, Iowa, see Figure 21. The 
fractured, clayey till samples were taken from the weathered zone of the Des Moines Lobe till of the 
Wisconsinan glacial period, at depths between of 1.5 - 2.6 m (5 - 8 ft) below ground surface. 
Previous drilling at the site indicated that the weathered zone extends to a depth of approximately 4 
m (Jones et al., 1992). Grass covers the site with grass roots and remnant root channels present to 
depths of approximately 2.0 m (6 ft). The color of the till is a mottled gray brown with the presence 
of iron oxidation halos around many of the channels and fractures. 
3.2 Drilling and Sampling Procedures 
All borings were drilled at the locations designated on the site map provided in Figure 22. 
Boring locations were established by field personnel in order to duplicate previous site testing. 
Borings B1 thru B9 were drilled in the site established as Site 8 by Wang, 1990. The borings were 
performed with a trailer-mounted, rotary drill rig using hollow stem augers to advance the borehole. 
Representative samples were obtained from borings 82, B3, B4, B6, B7, and B8 at depths between 
1.5 - 2.6 m (5 - 8 ft) below ground surface using 10.16 cm (4 in) diameter thin-walled tubes according 
to a modified ASTM Specification D-1587. The thin-walled tube sampling procedure utilizes a 
seamless tube with a sharp cutting edge to obtain relatively undisturbed samples. Samples were 
numbered using a combination of boring number and sampling tube (e.g., B3-3, Boring three - tube 
three). 0.3 m (1 ft) long thin-walled tube samples were taken in succession beginning with number 1 
at a 1.6 m (5 ft) depth, number 2 at a 2.0 m(6 ft) depth, and tube 3 at a 2.3 m (7 ft) depth. The thin-
walled samples were sealed and retumed to the laboratory for further examination, classification, and 
testing. Stepped Blade tests were performed at Borings B1, B5, B9 to determine in situ stress levels. 
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Figure 21. Test site location. 
59 
N 
e STEPPED BLADE TESTS (Wang, 1990) 
Borings B1-B9 
fence line 
Figure 22. Site map and boring locations. 
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3.3 Lateral Earth Pressure Measurement 
The stepped blade was introduced in 1982 by Handy et al. as a device to measure lateral 
stresses in situ. The principle behind the measurement of lateral stresses with the blade is that of 
consolidation by a flat-plate penetrometer. The blade is made up of four different step thicknesses at 
which the lateral stresses are measured to create a data set. The data is plotted as blade thickness 
versus measured lateral stress on a logarithmic scale and the resulting straight line is extrapolated 
back to zero blade thickness. This extrapolated value at zero blade thickness is the in situ lateral 
stress, shown in Figure 23. 
Stepped blade tests were performed in three borings B1, B5, and B9 to determine in situ 
lateral stress conditions. The depth of testing was 1.6 m to 2.3 m (5 - 7 ft) below the ground surface. 
The blade was oriented north-south with the pneumatic cells facing west. This orientation was 
followed in order to compare previous studies performed by Wang, 1990. The procedure used for 
the stepped blade tests Is as follows; 1) drill to the appropriate depth with a solid stem auger; 2) 
remove the auger and Insert the stepped blade orientated in the correct direction; 3) insert the blade 
5 inches and take a pressure reading; 4) push an additional 5 inches and read the pressures; 5) 
repeat step (4) until all cells have been inserted. The data collected from the test is then plotted with 
an in situ stress being determined from the extrapolation. 
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Figure 23. Schematic Stepped blade and its method of interpreting data (Handy etal., 1987) 
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CHAPTER 4. LABORATORY TESTS 
4.1 Soil Classification Testing 
Index properties of the till were determined from analysis of thin-walled tube samples taken 
from Borings B2, 83, 84, 86, 87, and 88. Soil samples were extruded in the laboratory, wrapped in 
plastic and stored in a humidity room until testing. Disturbed soil was removed during the extrusion 
process and used for soil classification tests. 
Atterberg limit tests were conducted on representative samples of each boring according to 
ASTM D-4318. These tests provide information on the plasticity of the soil and give a correlation to 
clay activity. The clay activity index has been shown to have a fair/good correlation with the clay 
mineralogy (Lambe and Whitman, 1967). X-ray diffraction was used to better define the differences 
in the mineralogy between samples obtained along the fractures versus those from the soil matrix. 
The texture of the samples obtained from the field site were determined by performing both 
mechanical and hydrometer particle size analysis. The analyses were performed according to ASTM 
D-421 and D-422. 
4.2 Laboratory Permeameter Tests 
Conductivity tests were performed using the flexible wall permeameter system following the 
falling headwater-rising tailwater procedure described previously. The tests were performed using a 
set of custom manufactured triaxial cells. A schematic of the testing system is shown in Figure 24 to 
illustrate the various components. The cell consists of a cast acrylic cylinder that fits into machined 
aluminum end plates. Gasket seals on the machined end plates provide a sealed system once 
acrylic cell and the plates are clamped together by high strength bolts. The soil sample is located 
within the cell between an aluminum top end cap and base pedestal. The base pedestal is rigidly 
attached to the bottom aluminum plate by a threaded fitting. 
Pressure 
Pressure , 
Transducer 
Burettes 
Sample 
Collector 
vacuum 
Regulators 
Permeameter Cell 
Spiipl 
Soil 
Sample 
Toxic 
Interface 
nfluent 
O) 
CO 
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Figure 24. Sciiematic of Permeameter System 
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Drainage lines lead from the top end cap, the base pedestal, and the cell chamber to valves 
located in the bottom plate. The top end cap and base pedestal drainage lines allow for pressurized 
fluid flow through the soil sample under testing conditions. The cell chamber line allows for the 
application of confining pressure and provides a measurement of ceil fluid volume change. 
The cell was prepared for testing by disassembling and greasing the gaskets, located in the 
machined ring of the top and bottom aluminum plates, with high pressure silicone vacuum grease. 
Ail lines leading into the top end cap and base pedestal were connected and saturated with permeant 
and the valves closed. O-rings were placed on the top cap and base pedestal to seal the membrane 
once in place. The sides of the base pedestal and top end cap were then coated with a liquid gasket 
material to insure sample isolation. A porous stone saturated with the permeant was placed on the 
base pedestal and covered with a saturated filter paper concluding cell preparation. 
Undisturbed soil samples were removed from the thin-walled Shelby tubes using a hydraulic 
jack and stored in a moisture controlled environment until tested. A sample was obtained from the 
controlled environment and trimmed to the required dimensions. The sample dimensions used in 
this study were a diameter of 10.16 cm (4 in) and an average height/diameter(H/D) ratio greater than 
one. The trimmed portions of the samples were retained in order to obtain sample moisture 
contents. 
On completion of trimming, the sample was weighed and the dimensions accurately 
measured to allow for computation of the wet unit weight, pore volume, and other soil properties. 
The sample was then placed on the base pedestal with a thin piece of Teflon used to circle the 
sample, porous stone, and base pedestal. The Teflon was used to protect the thin Viton coating on 
the membrane from the abrasiveness of the porous stones. A flexible Viton coated membrane was 
then positioned around the sample using a vacuum-actuated membrane expander. The O-rings on 
the base pedestal were rolled upward to seal the bottom of the sample. The membrane was then 
rolled down to uncover the top of the sample. Another saturated filter paper and porous stone were 
placed on the top of the sample. The top end cap was then placed on top of the porous stone. The 
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membrane was then rolled up over the top end cap and the 0-rings rolled downward to seal the 
sample at the top. With the sample in place, the acrylic cell wall was then placed in the machined 
ring in the bottom plate and turned slightly to help seal formation. The top plate was then placed by 
fitting the cell into its machined groove, again tuming slightly to form a seal. Next, the plates were 
then clamped together by installing the four tie down bolts and torquing them a quarter turn past 
tight, thus completing cell assembly. The cell was then filled with deaired, distilled water. 
The undisturbed samples were then consolidated under a cell pressure of 14 psi (96.5 kPa), 
which is just above the largest measured in situ lateral stress, by applying pressure to the top of the 
cell volume change measuring device. On completion of consolidation, the samples were 
permeated with either a 0.01 N CaS04 solution (replicating the groundwater chemistry), a 0.025M 
CaCl2 solution (a conservative tracer), and gasoline, or a combination of permeants to obtain 
conductivity data. Permeant saturation was dependent on each fluid used and usually was 
completed within a week or two. A summary of the permeant fluid properties is given in Table 1. 
Table 1. Summary of permeation fluid properties at temperatures between 22° and 24° C 
(Wilson et al., 1990) 
Kinematic Dynamic Surface 
Specific Density Viscosity Viscosity Tension 
Liquid Gravity (Q/cm^ (est) (CP) (dynes/cm) 
Water 1.003 ±0.002 1.000 ±0.002 0.98 ± 0.01 0.98 ± 0.01 72.0 ±0.4 
Gasoline 0.733 ± 0.005 0.731 ± 0.005 0.66 ± 0.01 0.48 ± 0.01 20.5 ± 0.3 
4.3 Triaxial Consolidation Test Procedure 
Consolidation under the application of the cell pressure was analyzed for all thirteen samples 
to determine a matrix conductivity value. The consolidation phase preceded the hydraulic 
conductivity tests. The monitoring of the sample volume change with time under the applied 14 psi 
(96.5 kPa) confining pressure allowed determination of the coefficient of consolidation and 
compressibility that can be used to estimate of the matrix conductivity from Terzaghi's theory. 
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However, in order for Terzaghi's theory to be utilized, a one dimensional drainage system must exist. 
Thus, an assumption must be made to define the drainage system within the flexible wall 
permeameter. Since no side drains were installed within the membrane, the water must exit from 
either the top or bottom of the sample resulting in a drainage system, which is considered one 
dimensional. The matrix conductivity, Kmatm, was estimated from (Holtz and Kolvacs, 1981) 
Equation 36. 
where Cv = coefficient of consolidation (L^/T) 
av = coefficient of compressibility(L^/M) 
@0 = initial void ratio 
g = acceleration of gravity (L/T^) 
pw = density of water (M/L^ 
The coefficient of consolidation, C„, for each sample was determined using Taylor's square 
root of time curve fitting technique as recommended by Bishop and Henkel, 1962. The coefficient of 
compressibility, a^, was determined from the difference in void ratio due to application of a 
consolidation pressure of 14 psi (96.5 kPa). 
4.4 CaSO£ Permeation Test Procedure 
Saturated water hydraulic conductivity values were determined on samples from borings B2, 
B3, B4, 86, 87 by performing a series of falling head water-rising tail water tests. The saturated 
water hydraulic conductivity values were determined by introducing de-aired 0.01 N CaS04 solution 
into the top of the sample and allowing it to permeate downward through the sample. A pressure of 
1.44 psi (9.95 kPa) was applied to the top of the sample through the burette/toxic interface system to 
give a hydraulic gradient of 10 across the sample. The toxic interface allowed a gradient to be 
applied with air pressure without excess air being forced into the 0.01 N CaS04 permeant. Tests 
were continued until a constant mass balance was achieved for each soil sample. The testing 
period varied due to differences in sample size and porosity. 
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The saturated water hydraulic conductivity values from these samples were then used to 
determine the fracture flow characteristics for each sample using the "Cubic Law". These 
characteristics include the fracture aperture, flow velocity, penneability, and porosity that are all 
essential for understanding contaminant transport in fractured porous media, such as clayey till. 
4.5 CI' Tracer Tests Procedure 
In order to determine the transport characteristics for the undisturbed clayey till, a series of 
cr tracer tests were performed on samples B6-3, S2 and B7-3, S2. The tracer tests were carried out 
on samples that were initially permeated with a 0.01 N CaSO^ solution using the method described 
previously. The chloride tracer, a de-aired 0.025 M CaCl2 solution, was used because of the non-
sorbing characteristics of CI' ions. The permeation of the tracer was initiated by replacing the toxic 
interface containing CaSO^t solution with one containing the CaCl2 solution while taking precautions 
not to introduce air into the system. The tracer was then introduced to the top of the sample by 
applying a pressure of 1.44 psi (9.96 kPa) to the interface, giving a hydraulic gradient of 10 across 
the sample, and allowing the tracer solution to permeate downward into the sample. 
The effluent from each sample was collected at approximately equal increments for a total of 
two pore volumes of flow and analyzed for cr concentration using a Hach CD-DT digital titration test 
kit with the resulting breakthrough curves being plotted. The resulting breakthrough curves were 
used to determine the one dimensional transport characteristics of advection, dispersion, and 
diffusion for the two tested samples. The results of this study were then compared to breakthrough 
curves determined on the same material by Horton et al., 1991 in order to assess testing 
methodologies and sample variability. 
4.6 Gasoline Permeation Test Procedure 
Petroleum hydrocarbon transport properties of the clayey till were determined by introducing 
a petroleum product (gasoline) into a water saturated undisturbed sample. Hydraulic conductivity 
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testing on tlie samples before permeation with gasoline allowed direct comparisons of gasoline and 
water transport properties. The gasoline permeation tests were performed on undisturbed samples 
from Borings B2, B3, B4, and B6. The samples were first consolidated until no volume change was 
measured and then saturated with a 0.01 N CaS04 solution, which is representative of the local 
groundwater chemistry. 
In order to simulate the process of gasoline flowing into the saturated clayey till and to 
account for its lighter than water density, the gasoline was permeated through the sample from top 
to bottom. An applied gradient of 10 was used for the gasoline permeation tests; this allowed the 
water to be reduced to its irreducible water saturation and constant gasoline flow to occur. A toxic 
interface was used to apply the pressure to the inflowing gasoline and reduce the amount of gasoline 
volatilization into the laboratory. The gasoline permeation was continued until steady state gasoline 
flow conditions were reached (amount of gasoline inflow equaled amount of gasoline outflow); this 
indicated that the each fluid's saturation had reached equilibrium. The amount of fluid filled porosity 
for each liquid was determined by measuring the relative amounts of gasoline influent and effluent, 
and water effluent. These measured values of fluid filled porosity allows computation of a maximum 
gasoline saturation value, an inreducible water saturation value, and a gasoline effective porosity. 
4.7 Air Permeation Test Procedure 
Following the completion of gasoline permeation, the sample was allowed to gravity drain for 
8 to 12 hours. At the end of the gravity drainage period, air under an applied pressure of 1.44 psi 
(9.96 kPa), corresponding to a gradient of 10, was applied to the top of the sample to enhance 
gravity drainage and reduce the gasoline content to its residual saturation value. Again, the amounts 
of water, gasoline and air exiting the sample were monitored using a set of burettes that allowed 
detenmination of an air conductivity, air saturation, and residual saturation values for gasoline and 
water. The air venting continued until there was no additional gasoline or water produced from the 
sample and a specific number of pore volumes of air were passed through the column. 
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The venting time and number of air pore volumes passed through the sample was varied to 
detennine if the residual concentration of gasoline could be reduced by volatilization. To assess the 
efficiency of this air stripping, small samples for chemical analysis were taken from each tested 
column by removing the samples from the permeameter and sectioning. The samples were obtained 
from the two distinct transport zones; the fracture zone and the soil matrix. These samples were 
then analyzed for the BETX(Benzene, Ethyl Benzene, Toluene, Xylene) components following the 
State of Iowa procedure OA-1 and using a Tracor gas chromatograph with a photoionization 
detector(PID). The results of the analyzed samples allowed characterization of air venting efficiency 
and contaminant flow regimes. 
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CHAPTER 5. RESULTS AND DISCUSSION 
5.1 Soil Classification 
A summary of the textural analysis of the clayey till samples are shown in Table 2. The soils 
classify as a sandy loam to loam. The average grain size percentages from the six soil samples are; 
clay(<0.002 mm) 24 ± 3.1%, silt (0.002 - 0.05 mm) 31 ± 1.9%, sand(0.05 - 2.00 mm) 47 ± 7.8%. The 
average organic content and carbonate content using the method described by ASTM D4373-84 are 
0.17 ± .04% and 14.1 ±1.41%, respectively. 
X-ray diffraction tests were performed on samples taken from the matrix and fractures in 
samples from boring B6-3 to determine the relative amounts of clay minerals present in the 
weathered till. The diffractograms indicate that the clay minerals present in the matrix and the 
fractures are approximately equal. From the corresponding diffractograms, shown in Appendix A, 
there appears to be (is!67 %) smectites, (a!l9%) i^aolinite, and (!s12%) iilite in clay fraction of each 
sample. The percentages of minerals in the clay fraction were determined by comparing the relative 
diffractog'ram peal^ areas. The computations for the clay mineral percentages are shown in 
Appendix A. 
A typical cross section of an undisturbed till sample is shown in Figure 25. One should 
notice the light gray unoxidized zone surrounding the larger fractures and macropores. The soil 
matrix is the reddish-brown oxidized material. 
Boring Number 
Classification Tests B-2 8-3 B-4 B-6 B-7 B-8 
Clay Size Fraction 20.0 22.5 26.0 28.5 25.0 22.0 
Silt Size Fraction 29.9 28.3 33.8 32.4 30.9 31.9 
Sand Size Fraction 46.7 58.1 35.5 37.9 48.1 43.6 
Gravel Size Fraction 3.4 2.1 4.7 1.2 1.3 2.5 
Liquid Limit., LL 34.3 33.2 39.0 39.1 32.8 25.6 
Plastic Limit, PL 14.2 11.4 11.2 12.3 16.8 15.1 
Plasticity Index, PI 20.1 21.8 27.8 26.8 16.0 25.5 
Activity Index, Al 1.0 1.0 1.1 0.9 0.6 1.2 
Unified Classification SC, CL SC. CL SC. CL SC. CL SC. CL SC. CL 
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Figure 25. Cross-sectons of an undisturbed sample of fractured clayey till used in this study. 
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5.2 Stepped Blade Test Results 
5.2.1 In situ Lateral Stress 
Results of the tests performed during this investigation were compared with test results from 
a previous study perfonned by Wang, (1991). The in situ lateral stress determined in this 
investigation ranged from 8 to 12 psi with an average of 10 psi. This average value corresponds to a 
Ko value of approximately 2 and shows that the weathered till is overconsolidated. In contrast, the 
stepped blade tests performed in the study by Wang, 1990 gave in situ lateral stresses that 
averaged around 22 psi. The differences in measured lateral stress values of each study may be due 
to different water table levels at the time of testing. The water level measured during this research 
study was approximately 8 ft below surface as compared to a value of 12 ft for the test performed by 
Wang (1990). A higher water table level in this type soil will result in lower lateral stress values 
measured with the stepped blade. An example of the stepped blade test analysis is shown in Figure 
26 with the remaining data and results shown in Appendix B. The results of these tests were used as 
a basis for detemiining the confining pressure to be used for all laboratory flexible-wall permeameter 
tests. 
5.2.2 Discussion 
The influence of lateral stress on the hydraulic conductivity values of fractured materials was 
studied by Wang, 1990 for materials located at the test site. The results of his research study 
showed that as the applied lateral stress or confining stress increases to a value near to or greater 
than the minimum in situ lateral stress measured by the stepped blade, the hydraulic conductivity of 
the soil sample becomes nearly constant. Wang's research also concluded that permeability tests 
performed on artificially fractured samples, with fractures orientated in the direction of flow, 
"stabilized" at a confining pressure of 20 psi, independent of the measured in situ lateral stress. 
However, the "stabilized" hydraulic conductivity values of the artificially split samples were 
approximately equal to that of intact samples. One set of pemfieability results, for 
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REDUCTION OF Ko STEPPED BLADE DATA 
Test site: Agronomy Farm. Boone la. 
Date: 11-20-93 
Material: Glacial Till 
Boring: B-1 
By: 
Blade 
Scott M. 
Old 
Comments: Orientated toward field{N/S) 
Depth, ft: 5.001 5.21 5.631 6.041 6.46 IData for regression analysis B 
St^ jjnmb Testi 1 Test2ll Test 31 Test 4 log testi log test 2| log test 3 Q 
oy TEST DATA EfflggS 
Cell 1 3| 29.5 32.51 281 14 1.46982 1.51188 1.44716 
Cell 2 4.5 24 311 18B 1.38021 1.49136 1.25527 
Cells 68 37 47 i 1.5682 1.6721 
Cell 4 7.58 36 I 1.5563 
DATA PAIR ANALYSIS MEAN SLOPE ANALYSIS 
Testi Test 2 1 Tests Testi Test 2 Tests n = 
Slopes abort abortl abort 0 0 0 2 
0.12533 0.i204gisisBHI 1 ipnUKSK Av slope= 
abort 0 0.12291 
Intercepts 1.46982 1 0.96411 1.04071 1 0.89031 
0.81624 0.94915 0.82893 0.93646 
1.5682 
Pressures abort atKirtt abort abort abort abort 
(psi) 6.5 1 6.7 8.6 
abort at>ort 
Av press! 7.7 lAv press] 7.71 
Test 1 Regression Output: Test 2 Regression Output: 0 
Constant Constant | 
StdErrofYEst StdErrofYEst [ 
R Squared R Squared | 
No. of Observations No. of Observations | 
Degrees of Freedom Degrees of Freedom | 
X Coefficient(s) X Coefiicient(s) | 
Std Err of Coef. Std Err of Coef. | 
Pressure 1.0 Pressure 1.0 9 
Figure 26. Stepped Blade Analysis Worksheet 
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sample H5-15, taken from the same field site at a depth of 15 feet in the unweathered till is 
represented in Figures 27 and 28. For sample H5-15, the pressure at which the hydraulic 
conductivity value became constant is close to the measured /n situ lateral stress of 47 psi. These 
test conclusions were the basis for testing samples at a confining pressure just above that measured 
by the Stepped blade during this research study, namely 14 psi (96.5 kPa). 
5.3 Triaxial Consolidation Test Results 
5.3.1 Matrix Hydraulic Conductivitv 
A summary of the initial specimen dimensions and characteristics are given in Tables 3 and 
4. A summary of the final specimen characteristics after consolidation is shown in Table 5. Results 
of the consolidation phase for each sample are shown in Appendix C. The results of the triaxial 
consolidation tests yielded average coefficients of consolidation and compressibility of 1.25 x 10"^ 
cm^/s and 0.0597 cm^/kg, respectively. The matrix conductivity values computed from Equation 35 
ranged between 3.90 x 10"® to 5.68 x 10'^° cm/s. The results of this study are listed in Table 6. 
5.3.2 Discussion 
The assumption that the matrix hydraulic conductivity is approximately equal to the hydraulic 
conductivity measured during the consolidation phase of the tests is based on consolidation theory. 
This theory states that the dissipation of induced pore pressures is directly related to the soil's 
hydraulic conductivity. The rate of dissipation is dependent on the pore size with pore pressures 
being dissipated first from larger pores and second from the smaller ones. Thus, the rate of 
consolidation is controlled by the pore water dissipation rate within the smaller pores contained in the 
fine grained material, the soil matrix. 
Hydraulic conductivity values determined from consolidation tests performed in this study 
correspond to previously reported values for a clayey till. A summary of previously reported 
hydraulic conductivity values determined by triaxial or consolidation tests are shown in Table 7. 
75 
I V 
I M 
0 
Sample; H5-15 (intact) 
Length: 4.99 in. 
In situ vertical stress: 13 psi 
''h* (psi) ho (in) hi (in) t (sec) K (cm/s) 
3 39.94 39. 06 44755 1.03E-07 
13 38.86 37. 69 73920 8.58E-08 
20 37.24 37. 04 14220 7.68E-08 
30 41.02 40. 46 52065 5.49E-08 
40 40.26 39. 69 68190 4.35E-08 
50 40.43 39. 72 87840 4.19E-08 
60 38.97 38. 34 81180 4.17E-08 
Figure 27. Intact - hydraulic conductivity values of sample H5-15 (Wang, 1990). 
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Sample: H5 -15 (-split) 
Length; 4. 99 in. 
In situ vertical stress; 13 psi 
f fh ' (Psi )  ho (in) hi (in) t (sec) K (cm/s) 
3 41.62 39.63 65370 1.56E-07 
13 40.98 39.60 81990 8.69E-08 
20 40.81 40.04 68700 5.76E-08 
25 41.08 40.35 69075 5.40E-08 
18 41.35 40.40 87840 5.50E-08 
13 41.62 40.65 85170 5.76E-08 
25 41.08 40.17 86760 5.37E-08 
35 40.64 39.75 83040 5.54E-08 
45 40.27 39.35 85230 5.64E-08 
Figure 28. Artificially split — hydraulic conductivity values for H5-1S (Wang, 1990). 
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Table 3. Permeation sample dimensions. 
Boring Weight Diameter Height H/D Ratio Area Volume 
Number (g) (cm) (cm) (cm^) (cm^) 
B2-2, S1 2205.7 10.16 12.81 1.26 81.03 1038.0 
B2-3, S1 1732.6 10.10 9.89 0.98 80.08 792.0 
B3-3, S1 2000.4 10.14 11.47 1.13 80.71 925.8 
B3-3, S2 1560.9 10.17 8.86 0.97 81.19 719.4 
B4-2, S1 1797.6 1015 10.27 1.01 80.87 832.2 
B4-3. S1 1776.4 10.19 10.16 1.00 81.03 825.7 
B4-3, S2 1822.2 10.16 10.46 1.03 81.03 847.6 
B6-2, S1 1755.7 10.12 10.16 1.00 80.39 821.7 
B6-2, S2 1757.8 10.14 10.11 1.00 80.71 816.0 
B6-3, S1 1746.3 10.13 9.98 0.99 80.55 803.8 
B6-3, S2 1586.2 10.15 9.03 0.89 80.87 730.1 
B7-3, S1 1790.1 10.13 10.25 1.01 80.55 825.7 
B7-3, S2 1805.4 10.16 10.46 1.03 81.03 847.6 
Table 4. Permeation specimen initial characteristics 
Water Porosity Void Ratio Unit Saturation Pore 
Boring Content Weight Volume 
n e 7d S 
Number (%) (g/cm^) (%) (cm') 
B2-2, S1 16.7 0.3185 0.4674 1.83 96.1 330.6 
B2-3, S1 14.9 0.2422 0.4129 1.90 97.3 231.4 
B3-3, S1 15.9 0.3072 0.4435 1.86 96.8 284.4 
B3-3, S2 16.2 0.3060 0.4410 1.87 99.2 220.1 
B4-2, S1 12.6 0.2868 0.4022 1.92 84.4 238.7 
B4-3, S1 16.7 0.3145 0.4587 1.84 97.9 259.7 
B4-3, S2 15.0 0.3053 0.4394 1.87 92.2 258.7 
B6-2, S1 15.8 0.3098 0.4490 1.86 94.7 253.1 
B6-2, S2 16.0 0.3096 0.4484 1.86 96.1 252.6 
B6-3, S1 17.6 0.3136 0.4568 1.85 104.1 252.1 
B6-3, S2 17.0 0.3099 0.4490 1.86 102.3 226.2 
B7-3, S1 15.4 0.3018 0.4322 1.88 96.2 249.2 
B7-3. S2 15.7 0.3016 0.4318 1.88 98.0 250.5 
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Table 5. Permeation specimen final characteristics. 
Volume Porosity Void Ratio Unit Saturation Pore 
Change Weight Volume 
AV n e 7d S 
Number (cm^) (g/cm^) (%) (cm^) 
B2-2, S1 27.2 0.3002 0.4289 1.88 -100 303.4 
B2-3, S1 27.1 0.2657 0.3626 1.97 98.0 203.2 
B3-3, S1 51.1 0.2668 0.3639 1.97 97.9 233.4 
B3-3, S2 42.8 0.2621 0.3552 1.98 99.1 177.3 
B4-2, S1 19.4 0.2698 0.3695 1.96 -100 219.3 
B4-3, S1 19.0 0.2983 0.4252 1.89 -100 290.7 
B4-3, S2 29.5 0.2802 0.3893 1.94 -100 229.2 
B6-2, S1 35.3 0.2787 0.3863 1.94 -100 217.8 
B6-2, S2 28.5 0.2846 0.3978 1.92 -100 224.1 
B6-3. S1 54.0 0.2642 0.3590 1.98 -100 198.1 
B6-3, S2 14.6 0.2958 0.4200 1.89 -100 211.6 
B7-3, S1 45.7 0.2608 03529 1.99 -100 203.4 
B7-3, S2 50.8 0.2564 0.3449 2.00 -100 200.0 
Table 6. Consolidation coefficients and matrix conductivity values of permeation specime 
Boring Cv 3v ^matrix 
Number (cm^/s) (cm^/kg) (cm/s) 
B2-2, S1 5.25x10"® 0.0391 1.38x10"® 
B2-3. S1 1.01 X 10^ 0.0511 3.65x10"® 
c
o
 1 
c
o
 QQ 
SI 1.50x10"^ 0.0809 8.40x10"® 
B3-3, S2 6.78x10"® 0.0872 4.10x10"® 
B4-2, S1 2.40x10"® 0.0332 5.68x10"^° 
B4-3, S1 3.56x10"^ 0.0340 8.31x10® 
B4-3, S2 4.88x10"® 0.0509 1.72x10"® 
B6-2, S1 3.91x10^ 0.0636 1.72x10"® 
B6-2, S2 3.61 xlO'® 0.0514 1.28x10"® 
B6-3, S1 4.87x10"® 0.0908 3.04x10® 
B6-3, S2 8.56x10"® 0.0295 1.74x10"® 
B7-3, S1 1.80x10"® 0.0805 1.01x10"® 
B7-3, S2 6.33x10"® 0.0883 3.90x10"® 
Average 1.25x10"^ 0.0597 4.10x10"® 
Std Dev 1.29x10"^ 0.0222 4.53x10"® 
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Table 7. Reported values of hydraulic conductivity for glacial tills computed by 
consolidation and triaxial methods. 
Material or Site K 
Reference Description Test Type (cm/s) 
McKay et al., 1993 Laidlaw Site, Canada consolidation 1.2-2.1 x 10® 
Little, 1988 Anglian Till consolidation 1.0x10® 
Keller, 1986 Saskatoon, Canada consolidation 3.5x10® 
Desauliniers et al., 1981 Sarnia, Ontario consolidation 2.8x10"® 
triaxial 2.9 X 10"® 
Wainfleet, Ontario consolidation 2.9x10® 
Woodslee, Ontario consolidation 2.9x10"® 
Wyoming, Canada consolidation 2.7x10® 
triaxial 1.6x10"® 
Prudic, 1981 Till with fractures consolidation 5.4x10® 
Goodall and Quigley, 1977 Samia, Ontario consolidation 2.2x10® 
Grisak and Cherry, 1975 Manitoba till consolidation 6.1 X 10® 
Saskatachawan till consolidation 5.8x10® 
Alberta Till consolidation 2.8x10® 
The low values of matrix hydraulic conductivity determined during the consolidation phase of testing 
should represent the hydraulic conductivity of an unweathered and unfractured material. 
5.4 CaSOj Permeation Tests Results 
5.4.1 Hydraulic Conductivity 
The CaS04 solution penmeation tests yielded hydraulic conductivity values that ranged 
between 5 x 10'^ to 2 x 10"® cm/s. The hydraulic conductivity values were determined during steady 
state flow near the end of the CaS04 solution permeation. Hydraulic conductivity values versus pore 
volumes of flow and cumulative influent and effluent curves for samples used in the CaS04 and 
gasoline permeation tests are shown in Appendix E. A summary of sample hydraulic conductivity 
and intrinsic permeability values during saturated water flow are shown in Table 8. Other hydraulic 
conductivity tests on fractured till have produced similar results with values ranging from 10"^ cm/s to 
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10"® cm/s for tests perfomied by Middleton et al., 1990 and 10"® cm/s to 10"® cm/s for tests 
performed by McKay et al., 1993. For comparison, the hydraulic conductivity measured during in 
situ pumping tests on the site was on the order of 3x10"^ cm/s to 5 x 10"^ cm/s (Jones, et al. 1992). 
These estimates on this site were much higher than the weathered till conductivity, 10"® cm/s, 
measured during pumping tests performed by Hendry, 1988. 
Table 8. Average hydraulic conductivity and intrinsic permeability values determined during 
CaS04 permeation tests. 
Sample Hydraulic Intrinsic Average Seepage 
Conductivity Permeability Velocity Velocity 
Number (cm/s) (cm^) [v=kil [Vs=v/n] 
(cm/s) (cm/s) x 10"® 
B2-2, SI 3.4x10® 3.5x10"^^ 3.4x10-® 11.0 
B2-3, SI 7.6x10-® 7.3x10'^^ 7.6x10® 28.6 
B3-3, S1 1.7x10® 1.7x10-^° 1.7x10-^ 63.7 
B3-3, S2 1.5x10® 1.5x10"^° 1.5x10-^ 57.2 
B4-2, S1 9.6 X 10 ® 9.8x10-^^ 9.6x10® 35.6 
B4-3,S1 2.1 x10® 2.1 X 10'^° 2.1 xlO"^ 70.4 
B4-3, S2 5.3 X 10® 5.5x10'^° 5.3x10-^ 189.2 
B6-2, SI 1.2x10-® 1.2 xlO'^^ 1.2x10® 4.3 
B6-2, S2 1.3x10-® 1.3x10-^^ 1.3x10® 4.6 
B6-3, SI 7.1 X 10"® 7.3 xlO""'^ 7.1 X 10® 26.9 
B6-3. S2 4.7x10'^ 4.7x10"^^ 4.7x10-® 1.6 
B7-3, S1 2.1 x 10"® 2.1 x10-^^ 2.1x10® 8.1 
B7-3, S2 1.2x10-® 1.2x10"^^ 1.2x10® 4.7 
5.4.2 Fracture Aperture and Porositv 
Fracture aperture, porosity, flow velocity, and hydraulic conductivity can be calculated using 
the "Cubic Law" relationships (Equations 17-21) and laboratory values of hydraulic conductivity 
(McKay et a!., 1993). Fracture properties of the laboratory samples were calculated based on the 
fracture spacing recorded by Lee, 1991 for oxidized till located on the Des Moines Lobe and the 
hydraulic conductivity values measured during this study's permeation tests. The calculation of the 
aperture and porosity are based on an assumption that fractures are vertical and equally spaced. 
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The spacing of vertical fractures in the oxidized zone of the Des Moines lobe, reported by Lee, 1991, 
ranges between 2 cm and 7 cm. This range of fracture spacing, 2 cm - 7 cm, was used in 
computation of fracture properties. 
Using the conductivity values measured during CaSO^ permeation, matrix conductivity 
values determined during consolidation tests, and a fracture spacing of 2 cm to 7 cm from Lee, 
1991, approximations of the fracture aperture, porosity, velocity, and hydraulic conductivity was 
determined using Equations 17 through 21. A summary of these values for each of the tested 
samples is shown in Table 9. 
5.4.3 Discussion 
The difference in laboratory and field hydraulic conductivity values are most likely due to 
sample size effects, heterogeneity, and the interconnectivity of the fractures and macropores found 
in the weathered till. The samples used by Middleton et a!., 1990 and McKay et al., 1993 were 6.9 
cm (2.71 in) in diameter and the samples used in this study were 10.2 cm (4 in) in diameter. The 
differences in sample size and clay content may account for the differences in magnitude of 
hydraulic conductivity values. The high value of hydraulic conductivity measured at this site with in 
situ pumping tests relative to that measured by Hendry, 1988 with pumping tests may be a result of 
differences in parent material (Jones et al., 1992). The Canadian till has a grain size distribution of 
10% sand, 33% silt, and 57% clay with clay texture (Fernandez and Quigley, 1991). The higher clay 
content and the number and interconnectivity of fractures could account for the differences in field 
conductivity values. 
Previous research by Luteneger (1989) has shown the laboratory values of hydraulic 
conductivity for the tills in this region as determined by the use of a flexible wall permeameter is 
approximately equal in the vertical and horizontal direction, see Figure 29. This information is useful 
when looking at the transport characteristics of LNAPL flow in the saturated zone. 
The matrix hydraulic conductivity determined from the triaxial consolidation tests is two to 
three orders of magnitude smaller than the hydraulic conductivity values measured during the 
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flexible wall permeameter tests. The larger values of hydraulic conductivity measured by the flexible 
wall permeameter is due to preferential flow through fractures and macropores. 
The fracture properties computed with the Cubic Law, fall within the range of values 
determined from many different sites across Northern America(see Table 10). The low values of 
fracture porosity imply that large changes in the water table could occur during relatively short 
duration precipitation events and result in rapid head changes that would affect contaminant 
transport (l\/IcKay at a!., 1993). Also, the relatively high fracture velocities would relate to faster 
breakthrough times for soluble contaminants. 
Table 9. Summary of Fracture Properties Computed from the "Cubic Law" and CaS04 
Permeation Data.* 
Fracture Fracture Fracture Fracture 
Aperture Conductivity Velocity Porosity 
Sample (Jim) (cm/s X 10"^) (cm/s X10'^) (cm'/cm^x 10"*) 
B2-2, SI 8.0 -12.1 5.2-12 5.2-12 3.5-8 
B2-3, SI 10.4-15.8 8.8 - 20 8.8 - 20 4.5-10.4 
B3-3, SI 13.6-20.6 15-35 15-35 5.9-13.6 
B3-3, S2 13.1-19.8 14-32 14-32 5.7-13.2 
B4-2, SI 11.3-17.1 10-24 10-24 4.8-11.3 
B4-3, SI 14.6-22.1 17-40 17-40 6.3-14.6 
B4-3, S2 19.8-30.0 32 - 74 32 - 74 8.6-19.8 
B6-2, S1 5.7-8.8 2.7-6 2.7 - 6 2.5 - 5.7 
B6-2, S2 
c
o
 00 1 0
0 iO
 
c
o
 c
o
 1 
00 eg 
2.8 - 6.3 2.5 - 5.8 
B6-3, SI 10.2-15.5 8.5-20 8.5 - 20 4.4-10.2 
B6-3,S2 4.2 - 6.3 1.4-3.2 1.4-3.2 1.8-4.2 
B7-3, S1 6.8-10.3 3.8-8.7 3.8-8.7 2.9-6.8 
B7-3, S2 5.7 - 8.6 2.7 - 6.0 2.7 - 6.0 2.5-5.7 
* Fracture Properties based on a firacture spacing ranging from 2 to 7 cm (Lee, 1991) 
Table 10. Summary of calculated fracture aperture and porosity values from other research 
studies on weathered clayey till (McKay, 1993). 
Fracture Properties 
Spacing Aperture Fracture Porosity 
Reference (m) (jrni) (xlO^) 
McKay et al., 1993 
D'Astous et al., 1989 
Grisak, 1979 
Hendry et al., 1986 
0.02-1.0 
0.04 - 0.1 
0.04 
0.4 
<43 
26 - 32 
4 
50 
0.3-10 
3.2 - 6.5 
2.5 
3 
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Figure 29. Variation in hydraulic conductivity values with depth and orientation 
(Lutenegger,1989). 
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5.5 Cr Tracer Tests 
The results of the tests completed in the flexible wall permeameter compared favorably with 
the tests run with a fixed wall permeameter by Norton et al., 1991. The two breakthrough curves 
determined for this study and curves determined by Morton et al., 1991 are shown in Figure 30. 
5.5.1 Effective Porosity and Hvdrodvnamic Dispersion 
The effective porosity and hydrodynamic dispersion coefficients were determined from 
analysis and interpretation of breakthrough curve data. It was noted that the effective porosity 
should not be determined by reading the pore volume corresponding to a relative concentration, 
C/Co, equal to 0.5 for transport through clayey materials (Shackelford, 1994). Therefore, the results 
were analyzed using a numerical simulation of Equation 35. 
C-C, C,{L,t)-C, 
C„-C, C„-C 2 
The program TransID (Jones, personal communication), uses input of sample and flow parameters 
to calculate breakthrough curves. Program input and output for the fitted curves in this study are 
shown in Appendix E. The dispersivity and the flowrate variables were varied during computer 
simulation in order to match the experimental breakthrough curves. The strategy of this curve fitting 
was to adjust the effective porosity first by changing the flow rate value to properiy place the curve on 
the time axis and then adjust the dispersivity to match the shape of the experimental curve. When 
the best-fit solution was achieved by judgment, the effective porosity and dispersion coefficient were 
obtained(see Table 11). The corresponding experimental and computed breakthrough curves for B6-
3 and B7-3 are shown in Figures 31 and 32. 
These results indicate that the effective porosity, defined as the pore volume at a relative 
concentration of 0.5, is approximately 88% of the total porosity, and that the hydrodynamic 
dispersion coefficient ranges from 3.7 x 10'® cm^/s to 4.7 x 10"® cm^/s. The breakthrough porosity, 
which is the porosity that contributes to the first appearance of the tracer, was determined to be 
erfc 
f \ RL-vt 
+exp (vj. 
D, 
lerfc 
/ \ 
' R L + v t  
[ 2 ^ )  
Equation 35. 
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Figure 31. B6-3, S2 - Experimental and fitted breakthrough curves. 
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Figure 32. B7-3, S2 - Experimental and fitted breakthrough curves. 
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approximately 0.046 for both samples. The hydraulic conductivity for the CaCb solution of B6-3, S2 
and B7-3, S2 are 4.7 x 10"^ cm/s and 5.9 x 10'^ cm/s respectively. From Horton et al., 1991, test 
sites 5 and 8A hydraulic conductivity values were 3x10"® cm/s and 6x10'^ cm/s respectively. 
These values are consistent with the hydraulic conductivity values measured during the CaS04 
permeation tests. 
TableJ1^_^^Effective^£orosit^and_disgersionjcoefficient^ete^^ 
Average Seepage Effective Percent Dispersion 
Velocity Velocity Porosity of Total CoefTicient 
(V=kl) (Vs) (ne =V/Vs) Porosity (D) 
Sample (cm/s X 10"®) (cm/s X 10"®) (cmVcm®) (%) (cm^/s X 10"®) 
B6-3, 82 0.50 1.93 0.2587 87.5 3.68 
B7-3, 82 0.59 2.61 0.2256 88.0 4.52 
5.5.2 Seepage Velocitv and Peclet Number 
The seepage velocity, Vs , defined as average flow velocity(v) divided by the effective 
porosity, will control the residence time and breakthrough characteristics of a contaminant. The 
seepage velocities can be computed from the hydraulic conductivity tests and effective porosity 
determinations. The measured effective porosity is approximately 88% of the total porosity. The 
computation of the effective flow velocities and corresponding Peclet numbers for all samples are 
summarized in Table 12. The Peclet number is a dimensionless number that can relate the 
effectiveness of mass transport by advection to the effectiveness of mass transport by either 
dispersion and diffusion (Fetter, 1993). The Peclet number is defined as VsL/D where L is the 
sample length and D is the hydrodynamic dispersion coefficient. For a chloride tracer in a fractured 
clayey till as determined in this study, the hydrodynamic dispersion coefficient is approximately equal 
to 4.2 X10® cm^/s. 
At relatively high Peclet number (e.g. Pl ^  50), advection dominates the transport process 
whereas diffusion dominates the transport process at relatively low Peclet number (e.g. Pl ^  1) 
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Table 12. Sample seepage flow velocities and Peclet numbers computed from CaS04 
permeationtes^dat^ 
Average Effective Seepage Peclet 
Velocity Porosity Velocity Number 
(v=ki) (ne = n X 0.88) (Vs=V/ne) Length (PL = VSL/D)* 
Sample (cm/s X10"®) (cm^/cm') (cm/s X 10"®) (cm) 
B2-2, #1 3.4 0.2941 11.6 12.81 35.2 
B2-3, #1 7.6 0.2604 29.2 9.89 68.8 
B3-3, #1 17.0 0.2614 65.0 11.47 177.5 
B3-3, #2 15.0 0.2569 58.4 8.86 123.2 
B4-2, #1 9.6 0.2644 36.3 10.27 88.8 
B4-3,#1 21.0 0.2923 71.8 10.16 173.7 
B4-3, #2 53.0 0.2746 193.0 10.46 480.7 
B6-2, #1 1.2 0.2731 4.4 10.16 10.6 
B6-2,#2 1.3 0.2789 4.7 10.11 11.3 
B6-3, #1 7.1 0.2589 27.4 9.98 65.1 
B6-3, #2 0.5 0.2899 1.7 9.03 3.7 
B7-3,#1 2.1 0.2556 8.2 10.25 20.0 
B7-3, #2 1.2 0.2513 4.7 10.46 11.7 
* D = 4.2 X10"^ cm^/s from solution of breakthrough curves data. 
(Shacl^elford, 1994). The Peclet numbers summarized in Table 12 show the dominance of advective 
transport over diffusion transport. Hydrodynamic dispersion coefficients measured during the tracer, 
tests can be used to attain a value for the dispersivity by solving Equation 13. First, the effective 
diffusion coefficient for chloride in clayey till must be defined. Rowe et al., 1988 determined that the 
effective diffusion coefficient for chloride in clayey till is on the order of 6 x 10"® cm^/s. Substituting 
this value of effective diffusion and the dispersion coefficient computed from the breakthrough 
curves into Equation 13 a value of dispersivity can be computed. For the two samples tested, B6-3 
and B7-3, the value of dispersivity calculated from Equation 13 was 1.8 cm and 0.8 cm, respectively. 
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5.5.3 Discussion 
The tracer test indicates that the effective porosity was a significant contributor to a majority 
of the flow and may contribute to increased mobility of the soluble contaminates in the ground water 
system. The tracer tests were adjusted for the length of the porous stones to eliminate any 
discrepancy between the tracer and hydraulic conductivity tests due to the permeameter system 
used. The two porous stones in the flexible wall penmeameter add a significant amount of space to 
the test system, which will be superimposed on the soil pore space. This additional space will 
change the results of a column test by delaying the breakthrough of tracers (Liao, 1989). Thus, a 
redefined system including the porous stones was used in analysis of the column tests. Results 
show that both the tracer and hydraulic conductivity tests are representative of fracture and 
macropore flow. 
The significance of the effective porosity is that the seepage velocity will be increased. The 
increase in velocity may account for earlier breakthrough of tracers or contaminants, as previously 
reported by Norton et al., 1987. However, the definition of effective porosity defined by Norton et al., 
1987 corresponds to the breakthrough porosity determined in this study. The breakthrough porosity 
value computed from mercury porosimetry data for a similar compacted soil material (Nicollet series 
B horizon) was 0.04 m^/ m^. 
By computing the seepage velocity and Peclet number it can be seen that for most samples, 
the transport is controlled by a combination of advection and dispersion. As the seepage velocity 
increases, the concentration profile along the fracture is retained near the input source. Grisak and 
Pickens, 1980 have show in their research, that the matrix storage capacity is gradually utilized as 
fracture residence time increases for non-reactive tracers. The matrix storage is related to the 
amount of matrix material present; thus, the number and spacing of the fractures may affect the 
diffusion characteristics. If the solute concentration input was to be stopped, the diffusion process 
would reverse and the solute would diffuse from the matrix back into the fracture. 
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Another property noted in the research performed by Grisak and Pickens, 1980 was that the 
rate of diffusion into the matrix was related to mineralization along the fractures. IVIinerals that coat 
fractures, such as oxides or carbonates, may alter the near fracture zone diffusion process by creating 
a zone with reactive properties, porosities, and diffusion coefficients different from that within the 
unaltered matrix (Grisak and Pickens, 1980). 
5.5 Gasoline Permeation Test Results 
5.5.1 LNAPL Flow Characteristics 
Gasoline conductivity values ranged from 8 x 10"® to 1 x 10"® cm/s and were calculated during 
a steady state gasoline flow through the sample. The conductivity values of the gasoline and CaSO^ 
are approximately equal for each tested sample. The effective porosity for water ranged from 25 to 
29 % and for gasoline ranged from 2 to 3 %. The effective porosity of gasoline is approximately 10-
20% of water effective porosity and may be a significant contributor to increased gasoline transport. 
The effective porosity of gasoline was computed by multiplying the experimental free product 
breakthrough porosity by the total porosity. This is only valid if we assume purely advective transport 
for gasoline. The maximum saturation of gasoline ranged from 8 to 15 % with residual saturation 
values for water varying between 83 to 91 %. The corresponding fluid filled porosity curves for the 
gasoline-air permeation tests are shown in Figures 33-39 with corresponding raw data summarized in 
Appendix F. A summary of the gasoline permeation test results are given in Table 13. 
in order to account for the differences in effective porosity, one may compare the fracture 
properties computed from the water and gasoline permeation tests. The fracture properties were 
computed using fracture spacing measured by Lee, 1991 and assuming that the gasoline effective 
porosity was equal to the fracture porosity. The resulting "effective" fracture aperture for gasoline 
transport was computed and is summarized In Table 14. These apertures are considerably larger than 
those corresponding to the water conductivity tests (see Table 9). The difference in fracture aperture 
shows that the gasoline is flowing only through the largest of interconnected fractures and pores. 
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TableJSj^^Summar^^ 
Sample Number 
Test Result B2-2, #1 B2-3,#1 B4-3. #1 B3-3. #1 B4-3. #2 B6-2, #1 
Matrix Hydraulic Conductivity, cm/s 1.4x10® 3.7x10® 8.3x10"® 8.4x10-® 1.7x10® 1.7x10"® 
Water Hydraulic Conductivity, cm/s 3.4x10® 7.6x10® 2.1 x 10-® 1.7x10® 5.4x10® 1.7x10"® 
Gasoline Conductivity, cm/s 1.3x10-® 8.0x10-® 3.0x10'® 2.7x10® 1.3x10"® 2.7x10® 
Gasoline Intrinsic Permeability, cm^ 5.4x10-^° 1.8x10-" 1.3x10-''° 3.7x10-^° 9.3x10-^^ 2.0x10-" 
Water Effective Porosity 0.294 0.260 0.292 0.261 0.275 0.273 
Water Breakthrough Porosity 0.043 0.038 0.042 0.038 0.040 0.036 
Gasoline Effective Porosity 0.029 0.025 0.032 0.047 0.035 0.047 
Gasoline/Water Effective Porosity Ratio 0.099 0.096 0.109 0.180 0.127 0.172 
Gasoline/Water Breakthrough Porosity Ratio 0.68 0.66 0.75 0.79 0.88 1.28 
Gasoline Maximum Saturation, % 9.7 8.8 9.7 8.3 12.1 15.1 
Water Residual Saturation, % 90.3 90.8 89.6 90.4 87.4 82.9 
Error in Fluid Filled Porosity Measurements, % ~ 0.4 0.7 1.3 0.5 2 
99 
Table 13. Fracture Properties Computed from Gasoline Permeation Data. 
Sample 
Fracture porosity 
(cm®/cm^) 
Fracture Aperture 
(urn) 
B2-2, S1 0.029 290-1015 
B2-3, S1 0.025 250 - 875 
B3-3, SI 0.018 320- 1120 
83-3, S2 0.032 220 - 770 
84-3, S2 0.035 350-1225 
86-2, S1 0.042 420-1470 
In order to understand the relationships between the different transport rates, the transport 
mechanisms of a LNAPL must be reviewed. Spilled LNAPL begins to flow downward away from 
the source by gravity until it reaches the capillary fringe where it accumulates and begins to 
penetrate the saturated soil. The degree of penetration is dependent on the amount of LNAPL 
spilled and its ability to overcome the capillary forces between the water and soil. The threshold 
entry pressure that must be overcome can be determined from Equation 30, if the LNAPL-water 
interfacial tension, fracture aperture, and wetting angle are known. 
Properties for the gasoline/water system are an interfacial tension equal to 38 dynes/cm and 
a wetting angle between 0 and 65 degrees that is dependent on either advancing or retreating flow 
(Wilson, 1990). The range of threshold entry pressure for varying sizes of fractures is shown in 
Figure 39. For the performed gasoline permeation experiments, the capillary pressures which result 
in flow can be determined by solving Equation 30 for the initial conditions. The initial conditions at 
the top of the CaS04 saturated samples were an applied pressure of 11.6 kPa on the gasoline and a 
capillary pressure acting on the water of -0.98 kPa (see Figure 40). This results in a minimum 
fracture aperture that will conduct gasoline flow of 0.09 cm. This value corresponds to the fracture 
apertures determined using the "Cubic Law" and the gasoline permeation data located in Table 13. 
Capillary Pressure as a Function of Pore Radius 
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Figure 39. Capillary pressure as a function of pore radius, contact angle, and interfacial tension. 
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Applied Pressure, P = 9.92 kPa 
hi = 38 cm 
T 
h2 = 10.16 cm 
pressure at point A at (t=0): 
Pnw = P + h1 (7w) = 9.92 kPa + 0.38m(9.81 kPa/m) = 13.66 kPa 
Pw = -h2(Yw) = 0.10m(9.81 kPa/m) =-0.981 kPa 
Pc = Pnw - Pw = 13.66 kPa - (-0.981 kPa) = 14.64 kPa = 1463.8 dynes/cm^ 
r = 2 acos(e)/Pc= 2 (38dynes/cm)(cos30°)/(1463.8dynes/cm^) 
r = 0.045 cm 
2b = 0.09 cm 
where Pnw = pressure on non-wetting fluid 
Pw = pressure on wetting fluid 
Pc = critical entry pressure 
r = radius of pore 
2b = fracture aperture 
Figure 40. Computation of critical fracture aperture. 
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S.S.2 Discussion 
Petroleum hydrocarbon transport through a fractured material represents a different aspect 
of contaminant transport. The gasoline permeation test results (Table 13, gasoline/water effective 
porosity ratio values) indicate that gasoline flow occurs mainly through the larger fractures and 
pores, with the soil matrix being isolated between sets of fractures. The flow of gasoline through 
different sizes of macropores and fractures is controlled by the capillary forces between the water 
and soil. Therefore, the smaller pores of the matrix need greater pressures to induce flow, which 
results in very little gasoline entering matrix system and high residual water saturation values. The 
bypassing of the smaller aperture fractures and finer macropores reduces the gasoline travel times 
through the samples and indicates a smaller value of effective porosity when compared to 
permeation tests with water. However, the conductivity values of gasoline and water determined 
from the permeation tests are approximately equal. This equality could be due to fluid property 
differences, shuch as kinematic viscosity and interfacial tensions, which offset the porosity 
differences. 
If the system is assumed to follow Darcy's law, the saturated gasoline conductivity could be 
determined by scaling the hydraulic conductivity with a ratio of the kinematic viscosity of water to 
that of gasoline as shown by (Lyman et al., 1992) 
From the fluid properties stated in Table 1, it can be concluded that the gasoline conductivity should 
be approximately 1.5 times faster than water but that is not the case in this study. This may be due 
the "aging" of the gasoline used in the study. As the gasoline loses its most volatile components to 
air and its more soluble components to water, it becomes more dense and viscous. These losses to 
volatilization and dissolution increase the gasoline kinematic viscosity to a value of 1.34 x 10'^ cm^/s 
gasoilne 
Equation 37. 
where Kwater = hydraullc conductivity of water 
K^oiine = conductivity of gasoline 
Vwater = kinematic vlscoslty of Water 
ygasoiim = kinematic viscosity of gasoline 
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(Lyman et al., 1992). Gasoline"aging" results in a kinematic viscosity change that causes the 
gasoline to flow about 70% slower than water. This effect coupled with the differences in interfacial 
tensions could cause the conductivity values of water and gasoline to be equal at different values of 
effective porosity. 
In previous experiments, Wilson et al., 1990 found that the maximum saturation of Soltrol-
130, an organic fluid, was approximately 75% for sands and approximately 12 % for a clay loam. 
These experiments were conducted as capillary pressure-saturation tests, with saturated samples 
being subjected to a LNAPL, Soltrol-130, over a range of capillary pressures. The corresponding 
pressure versus saturation curves was determined for each sample. However, during testing of the 
clay loam sample Soltrol-130 broke through the capillary bamer. This experimental enror caused 
uncertainty in the determined clay loam residual saturation value, but it is still considered a 
reasonable estimate. The hydraulic conductivity of the clay loam was measured to be 5 x 10"® cm/s, 
which is approximately the same as the values reported for fractured clayey till in this study. The 
maximum saturation values of Soltrol for the clay loam were also near the range predicted from the 
clayey fractured till gasoline permeation tests. 
5.6 Air Permeation Test Results 
Results of the air displacement tests indicate that air may be an adequate method of 
remediating gasoline contaminated samples. The fluid filled porosity diagrams. Figure 33 - 38, 
show that between 60 and 70% of the gasoline can be removed from the soil sample in a relatively 
short time period, leaving only 2-3% of gasoline in the pore space. The air flow phase was carried 
out at the same applied pressure and gradient as the invading gasoline test in order to determine a 
comparable air conductivity. The air conductivity values of the samples were on the order of 9 x 10'" 
cm/s. A complete summary of the air displacement tests is shown in Table 15. 
The residual saturation can be accounted for by the various capillary trapping mechanisms 
discussed previously or by the hysteresis of multiphase flow. The hysteresis of the multi-phase 
Table 14. Summary of Air Permeation Test Results 
Sample Number 
Test Result B2-2, #1 B2-3,#1 B4-3, #1 B4-3, #2 B6-2. #1 
Air Conductivity, cm/s 8 .2x10® 1.2x10-® 8.1 X 10® 1.21x10"* 4 .7x10® 
Residual Gasoline, % 2.6 3.5 3.0 6.5 4.3 
Time of Saturated Gasoline Flow, min 929 615 826 3738 6638 
Time of Air Venting, min 31 185 36 5713 3877 
Relative Remediation Time 0.05 0.30 0.04 1.52 1.72 
Co - Benzene(ppm) 6.89 8.7 7.68 16.54 10.95 
Co ~ Toluene(ppm) 40.95 47.09 35.49 58.42 88.18 
Co - Ethyl Benzene(ppm) 14.25 16.38 12.35 20.33 30.68 
Co - Xylene(ppm) 69.96 80.45 60.63 99.80 150.64 
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system can be seen by plotting the relative permeabilities versus the water saturation. Examples of 
the hysteresis for multi-phase flow can be seen in Fetter, 1993. 
5.6.2 Air Venting Efficiency and Gasoline Flow Characteristics 
Other results support the hypothesis that the gasoline flow occurs primarily through the 
fractured portion of the sample; residual gasoline concentrations in the fractures were found to be up 
to 9 times as high as the matrix values. Fracture and matrix BETX concentrations for each are 
shown Appendix G. The results of the analytical testing for each sample were compared with the 
theoretical gasoline concentration profile along a fracture and matrix at the end of air venting. The air 
displacement values were normalized for each testing period in order to correlate all tests performed. 
The nonnalization was achieved by defining a relative remediation time as the ratio of time for which 
the sample was under gasoline pemieation over the time of air venting. The other parameter used in 
determining the air venting efficiency was the relative concentration of gasoline constituent that is 
the ratio of the measured constituent over the original concentration of constituent in gasoline 
multiplied by the percentage of gasoline remaining in the sample from mass balance calculations. 
The efficiency of air venting can be seen by the reduction of gasoline constituents with respect the 
relative remediation time in both the fracture and matrix, shown in Figures 41-48. 
Air venting efficiency drops substantially after a relative remediation time of approximately 
0.4, seen in Figures 41-48. The efficiency trends, solid lines on Figures 41-48, were used to better 
define the decrease in BETX over time. The trend lines are power functions that fit the data 
represented in Table 15. Figures 41-48 show that air venting efficiency decreases with time of 
remediation that may be due to the amount of contaminant left in the system. The amount of 
gasoline left in the system will ultimately govern the diffusion rate out of the fracture surface and soil 
matriic. 
Benzene - Remediation Characteristics 
for Fracture Zone 
0.8 
0.6 
0.4 -
0.2 -
1.8 1.4 1.6 2 1.2 0.8 1 0.4 0.6 0.2 
Relative Remediation Time 
Figure 41. Benzene - fracture zone remediation characteristics. 
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Figure 42. Ethyl Benzene - fracture zone remediation characteristics. 
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Figure 43. Toluene ~ fracture zone remediation characteristics. 
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Figure 44. Xylene ~ fracture zone remediation characteristics. 
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Figure 45. Benzene ~ soil matrix remediation characteristics. 
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Figure 46. Ethyl Benzene - soil matrix remediation characteristics. 
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Figure 47. Toluene - soil matrix remediation characteristics. 
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Figure 48. Xylene - soil matrix remediation characteristics. 
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5.6.3 Discussion 
The difficulty in displacing petroleum products has long plagued petroleum engineers. They 
have found that the residual saturation is dependent on different types of trapping mechanisms, fluid 
properties, and soil. For example, one soil structure may lead to capillary trapping of the non-wetting 
phase by snap-off while the other is dominated by a by-passing mechanism. The results of previous 
testing on three sands and a clay loam show the difficulty in detenmining the capillary trapping 
mechanisms (Wilson et al., 1990). Residual saturation values for sands and a clay loam due water 
displacement of an organic fluid was approximately 20% and <10%, respectively (Wilson et al., 
1990). It should be noted that the value acquired for the clay loam was only estimated due to 
inadequate testing equipment. This estimated value for the clay loam is consistent with the values 
determined from the air permeation tests on fractured clayey tills in this research. This study has 
determined that air venting is very effective at removing the initial high relative concentrations of 
constituents from the fractures and matrix. 
Several experiments have recently been canried out to develop correlation between the non-
wetting flow and the residual water saturation in petroleum reservoir rocks. The residual water 
saturation is a function of the non-wetting flow rate, although the flow rate must vary over orders of 
magnitude before changes in the residual water saturation will be significant (Dullien et al., 1986). 
This study also showed how the invading and displacing fluid rates may alter the amount of capillary 
trapped contaminant. 
Other effects that could vary the results of air venting efficiency are the pressures at which 
the contaminant was advanced and then displaced, interconnectivity and continuity of fractures in 
the field. This aspect becomes increasingly important when fractured materials are contaminated. If 
the invading pressure was greater than the displacing pressure, it is possible that residual 
contaminants would be bypassed due to a decrease of penetration into the smaller pores. 
115 
CHAPTER 6. CONCLUSIONS 
Laboratory studies of the transport of petroleum hydrocarbons through soils are a useful tool. 
This study indicates that the transport of petroleum hydrocarbons, such as gasoline, are dependent 
on the soil and fluid characteristics. The conductivity of gasoline and the hydraulic conductivity of 
w/ater through the fractured clayey till are approximately the same. However, the different 
permeation tests showed that the effective porosity of the fractured clayey till was approximately 
88% of the total porosity for water and approximately 10% of the total porosity for gasoline. The large 
variation in the effective porosity values is due to capillary pressures allowing only a portion of the 
water effective porosity to be used for gasoline flow. The significance of the effective porosity 
differences is that movement of a petroleum hydrocarbon in the saturated zone of capillary fringe 
could be increased resulting in smaller breakthrough times. 
Gasoline was shown to flow primarily through the fractures as indicated by the BTEX 
analysis of soil samples after contamination and subsequent air stripping. The analysis showed that 
the levels of contamination could be on the order of 3-8 times higher near the fracture than in the 
matrix. This conclusion is significant with respect to sample procurement on environmental sites. 
Clean-up concentrations could either be over or underestimated depending on the position of sample 
procurement. 
The air permeability study showed its effectiveness by expelling all but 2-3 % of the gasoline 
from the soil sample pore space in a relatively short time. The air venting of the fractured till was 
effective at reducing the amount of contaminant along the fracture wall and within the matrix. Also 
concluded was that amount of contaminant cleaned up decreases as air venting time increases. This 
could result in longer clean up times than predicted from initial cleanup data. 
A number of issues require more investigation. First, since air stripping is effective at 
pushing all but 2 -3 % of the gasoline in a short period of time, method of determining rates for 
expelling or volatilizing the residual contaminants would benefit remedial design. The rate of 
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remediation would also be dependent on the diffusion rates of the contaminant from the matrix into 
the fracture. These issues could be addressed in future research by measuring the effluent air 
stream emanating from the contaminated sample over time and comparing these values to residual 
concentrations measured within the soil sample at completion of air venting. 
The second issue that needs to be defined is the pressure saturation curves for the gasoline-
water and gasoline-water-air systems in the fractured clayey tills. These definitions would help in 
understanding the capillary trapping mechanism occurring within the sample. The capillary trapping 
mechanism could also be studied by impregnating the fractured till samples with an epoxy in order to 
immobilize the residual contaminant. The samples could then be sectioned and residual 
contaminant located. This method has been use on coarse grain materials and warrants a closer 
look in the fine grained clayey tills. 
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APPENDIX A. X-RAY DIFFRACTION GRAPHS 
ORIENTED SLIDE SPECIMENS AFTER VARIOUS TREATMENTS 
523.2 
B5-3-F-An 
B6-3-F+GLYC 
BB-3-F-400C 
B6-3-F-550C 
436.0 
Heat at 550C 
o 
•c^ 348.8 
X 
* 
cn 
CL 
o 
* 261.6 
Heat at 400C 
cn 
c 
174.4 4J 
c Glycolated 
8 7 . 2  
Air dry 
0 . 0  
2 5 8 11 17 23 14 20 26 
Two-The ta  Hdegrees )^  
ORIENTED SLIDE SPECIMENS AFTER VARIOUS TREATMENTS 
523.2 
B6-3-M-AD 
B6-3-M-GLYC 
B6-3-M-400C 
B6-3-M-550C 
436.0 
Heat at 550C 
o 
348.8 
cn 
Q. 
o Heat at 400C 
261.6 
OJ 174.4 
+J Glycolated 
87.2 
Air  d ry  
2 5 8 11 14 17 20 23 26 
Two-The ta  J tdegrees*  
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Areal. = 0.025 in^ 
Area 2. = 0.04 in^ 
Areas. = 0.17 in^ 
Area Smectite = Area 3 - Area 1 = 0.145 - 0.025 = 0.145 in^ 
Area illite = Area 1 = 0.025 in^ 
Area Kaolinite = Area 2 = 0.04 in^ 
Total Area = Area 1 + Area 2 + Area 3 = 0.215 in^ 
Percentages of Clay Minerals 
Smectite = 0.145/0.215 = 67% 
Illite = 0.025/0.215 = 12% 
Kaolinite = 0.04/0.215 = 19% 
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APPENDIX B. STEPPED BLADE ANALYSIS 
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REDUCTION OF Ko STEPPED BLADE DATA 
Test site: Agronomy Farm, Boone la. 
Date: 11-20-93 
Material: Glacial Till 
Boring: B-1 
By: Scott IVI. 
Blade: Old 
Comments: Orientated toward field(N/S) 
Depth, ft: 5.001 5.21 5.631 6.041 6.46 Data for regression analysis I 
Step, mm Testi Test2| TestsL Test 4 log test 1 loq test 2 log test 3 
o| TEST DATA Bjagss? BSiyEISiSfilS •igtfhWUMiiMqtJuy 
CelM 3| 29.5 32.51 2811 14 1.46982 1.51188 1.44716 
Cell 2 4.SB 24 31 18e 1.38021 1.49136 1.25527 
Cells en S7 47 i 1.5682 1.6721 
Ceil 4 7.51 36 1.5563 
DATA PA R ANALYS S MEAN SLOPE ANALYSIS 
Testi Test1 Test2 Tests n = 
0.12533 0.12049 V siope= 
0.12291 
Intercepts 1.46982 1.51188 1.44716 0.96411 1.04071 0.89031 
0.81624 0.94915 0.82893 0.93646 
1.5682 0.73262 
atxirt abort abort abort abort abort 
abort abort 
Test 1 Regression Output: Test 2 Regression Output: U 
Constant Constant 1 
StdErrofYEst StdErrofYEst 1 
R Squared R Squared | 
No. of Observations No. of Observations | 
Degrees of Freedom Degrees of Freedom 1 
X Coefficient(s) X Coefficient(s) 1 
Std Err of Coef. Std Err of Coef. 1 
Pressure 1.0 Pressure 1.01 
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REDUCTION OF Ko STEPPED BLADE DATA 
Test site: Agronomy Farm. Boone la. 
Date: 11-20-93 
Material: Glacial Till 
Boring: B-5 
By: 
Blade: 
Scott M. 
Old 
Comments: Orientated toward field(N/S) 
Depth, ft: 5.00 5.21 5.631 6.04 6.46 Data for re< qression analysis 
Step, mm Testi Test2i Tests Test 4 log test 1 log test 2 log test 3 
0 TEST DATA iPSBSS 
Cein 3 33 321 27 33 1.518514 1.50515 1.431364 
Cell 2 4.5 26 271 26 1.414973 1.431364 1.414973 
Cell 3 6 34.5 38| 1.537819 1.579784 
Cell 4 7.5 16 1.20412 
DATA PAIR ANALYS S MEAN SLOPE ANALYS S 
Test1 Test 2 Tests Testi Test 2 Tests n = 
Slopes abort abort 
0.081897 098947 w sloDe= 
Intercepts 1.518514 1.50515 1.431364 1.127662 1.1291751 1.084087 
1.046436 986104 1.001681 1.030859 
1.537819 0.760622 
Pressures alMrt abort abort abort abort abort 
abort abort 
llAv press ress= 
Test 1 Regression Output: Test 2 Regression Output: 1 
Constant 
StdErrofYEst 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 
Std Err of Coef. 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 
Std Err of Coef. 
Pressure 1.0 Pressure 1.0 
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REDUCTION OF Ko STEPPED BLADE DATA 
Test site: Agronomy Farm, Boone la. 
Date: 11-20-93 
Material: Glacial Till 
Boring: B-9 
By: Scott M. 
Blade: Old 
Comments: Orientated toward field(N/S) 
Depth, ft: 5.00 5.21 5.63 6.04 6.46 Data for rec ^ resslon analysis || 
Step, mm Testi Test 2 Test 3 Test 4 log test 1 log test 2 log test 3 | 
0 TEST DATA iSMSffiS 
CelM 3 26 33 40 40.5 1.414973 1.518514 1.602061 
Cell 2 4.5 22 28 •8 1.342423 1.447158 1.5797841 
Cell 3 6 40 38 1.60206 1.579784 
CelM 7.5 35 1.544068 
DATA PAIR ANALYSIS MEAN SLOPE ANALYSIS 
Testi Testa Test 3 Testi Test 2 Test 3 n = 
0.173092 0.088417 
0.130754 
0.888369 0.992507 1.100593 I uailaLflZtik J1 eZilLf* :£ Intercepts 1.414973 1.518514 1.60206 
0.563511 1.049281 0.785781 0.827011 
'!i •• A nrnrpsisTCvjajnjiTjf ; 1.60206 
abort abort abort abort abort abort 
abort abort 
V Dress= 
IfHfcShfr 
ITest 1 Regression Output: Test 2 Regression Output: | 
Constant 
StdEn-ofYEst 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient{s) 
Std Err of Coef. 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefricient(s) 
Std Err of Coef. 
Pressure 1.0 Pressure 1.0 
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REDUCTION OF Ko STEPPED BLADE DATA 
Test site: Agronomy Farm, Boone la. 
Date: 11/4/89 
Material: Glacial Till 
Boring: H8-1 
By: 
Blade: 
Hung-yu Wang 
Old 
Comments: Orientated toward field(N/S) 
Depth, ft: 
Celll 
Cell 2 
Cells 
Cell 4 
S.OOI 5.21 5.63 6.04 6.46 Data for re; igression analysis | 
step, mm I Testi Test 2 Test 3 Test 4 log test 1 log test 2 log test 3 | 
o| TEST DATA •iSSSaBSS 
31 42 46 48 1.623249 ERR 1.662758 
4.51 32 30 38 1.50515 1.477121 1.579784 
61 38 24 1.556303 1.380211 
7.51 36 1.556303 
IDATA PAIR ANALYSIS | IMEAN SLOPE ANALYSIS | 
Test 1 Test 2 Test 3 Testi Test 2 Test 3 n = 
Slopes abort abort abort 0 0 0 1 
0.034102 abort SWdWMM 1 
0 
0 mvslope= 1 
ffil nn;uin7i 
Intercepts 1.623249 ERR 1.662758 1.436318 ERR 1.493389 
1.351692 1.477121 fWPIfM 1.351692 1.249632 
1.556303 MSHip 1.326116 B B 
abort abort abort abort abort abor t 
(psi) 22.5 abort ipSfflip 22.5 abort E 
1 abort abort 1 
lAv press=| 22.5] 1 llAv press=| 22.51 
Testi Regression Output: Test 2 Regression Output: 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
X Coefficient(s) 
Std Errof Coef. 
Constant 
Std Err of Y Est 
R Squared 
No. of Obsen/ations 
Degrees of Freedom 
X Coefficient(s) 
Std Err of Coef. 
Pressure 1.0 Pressure 1.0 
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APPENDIX C. CONSOLIDATION PHASE DATA 
Consolidation Tests - B2-2, Sample 1 
14psi 
Time Elapsed Delta V Sq Rt Delta V 
Hour Minutes Time Device Time 
9 11 0 4.65 0 0 
9 11.5 0.5 5.14 0.707107 0 
9 12 0.5 5.2 0.707107 0 
9 15 3.5 5.26 1.870829 -0.06 
9 21 9.5 5.31 3.082207 -0.11 
9 46 34.5 5.38 5.87367 -0.18 
11 40 148.5 5.42 12.18606 -0.22 
30 30 1278.5 5.53 35.75612 -0.33 
43 5 2033.5 5.59 45.09435 -0.39 
67 50 3518.5 5.61 59.31695 -0.41 
92 30 4998.5 5.68 70.70007 -0.48 
185 45 10593.5 5.78 102.9247 -0.58 
Consolidation Test 
Boring 2-2, Sample #1 
0, -0.1 
D) 
g -0.2 
I -0.3 i -0.4 
^ ^.5 
.0.6 
V 
k 
s ... • 
20 40 60 80 100 120 
Square Root of Time, mln'^O.S 
140 
tgo 
height 
Cv 
11025 minutes 
12.8 cm 
5.25E-05 
Consolidation Tests - B2-3, Sample 1 
14psi 
Time Elapsed Delta V SqRt Delta V 
Hour Minutes Time Device Time 
6 15 0 2.06 0 0 
6 17 2 3.21 1.414214 0 
6 18 1 3.27 1 0 
6 20 3 3.28 1.732051 -0.01 
6 30 13 3.29 3.605551 -0.02 
6 45 28 3.32 5.291503 -0.05 
7 0 43 3.36 6.557439 -0.09 
7 30 73 3.39 8.544004 -0.12 
10 0 223 3.55 14.93318 -0.28 
12 0 343 3.64 18.52026 -0.37 
20 37 860 3.96 29.32576 -0.69 
20 0 823 4.41 28.68798 -1.14 
22 0 943 4.48 30.70831 -1.21 
23 15 1018 4.52 31.90611 -1.25 
31 25 1508 4.77 38.83298 -1.5 
33 27 1630 4.87 40.37326 -1.6 
37 20 1863 4.96 43.16248 -1.69 
42 52 2195 5 46.85083 -1.73 
55 8 2931 5.11 54.13871 -1.84 
66 34 3617 5.21 60.1415 -1.94 
80 27 4450 5.3 66.70832 -2.03 
89 24 4987 5.33 70.61869 -2.06 
105 44 5967 5.36 77.24636 -2.09 
115 5 6528 5.42 80.79604 -2.15 
Consolidation Test 
Boring 2-3, Sample #1 
' 
\ • 
\ 
k -. 
w > 
20 40 60 80 100 120 
Square Root of Time, mln^'O.S 
140 
CO 
tgo 
height 
Cv 
3600 minutes 
10.16 cm 
0.000101 
Consolidation Tests - B4-2, Sample 1 
14psi 
Time Elapsed Delta V Sq Rt Delta V 
Hour Minutes Time Device Time 
5 50 0 2.18 0 0 
5 51 1 4.14 1 0 
5 52 1 4.34 1 0 
5 53 2 4.36 1.414214 -0.02 
5 54 3 4.42 1.732051 -0.08 
6 5 14 4.68 3.741657 -0.34 
7 2 71 4.84 8.42615 -0.5 
19 30 819 5.07 28.61818 -0.73 
50 50 2699 5.4 51.9519 -1.06 
72 40 4009 5.5 63.31666 -1.16 
96 48 5457 5.62 73.87151 -1.28 
113 7 6436 5.66 80.22468 -1.32 
141 54 8163 5.86 90.34932 -1.52 
277 30 16299 6.08 127.6675 -1.74 
Consolidation Test 
Boring 4-2, Sample #1 
i— 
20 40 60 80 100 120 140 
Square Root of Time, mln*O.S 
co 
cn 
too 
height 
Cv 
16129 minutes 
10.46 cm 
2.4E-05 
Consolidation Tests - B4-3, Sample 1 
14 psi 
Time Elapsed Delta V Sq Rt Delta V 
Hour Minutes Time Device Time 
8 29 0 4.95 0 0 
8 30 0 5.42 0 0 
8 32 2 5.52 1.414214 -0.1 
8 35 5 5.55 2.236068 -0.13 
8 52 22 5.57 4.690416 -0.15 
9 8 38 5.6 6.164414 -0.18 
36 0 1650 5.9 40.62019 -0.48 
48 47 2417 5.96 49.16299 -0.54 
50 16 2506 5.99 50.05996 -0.57 
Consolidation Test 
Boring 4-3, Sample #1 
fO £ o 
-0.3 
1 -0.4 
5 
-0.5 
-0.6 
K % 
4 
• 
10 20 30 40 50 
Square Root of Time, min*0.6 
60 
tgo 
height 
Cv 
1024 minutes 
10.16 cm 
0.000356 
Consolidation Tests ~ B4-3, Sample 2 
14psi 
Time Elapsed Delta V Sq Rt Delta V 
Hour Minutes Time Device Time 
2 40 0 1.5 0 0 
2 41 1 2.9 1 0 
2 42 1 3.13 1 0 
2 44 3 3.3 1.732051 -0.17 
2 46 5 3.41 2.236068 -0.28 
2 49 8 3.51 2.828427 -0.38 
2 56 15 3.57 3.872983 -0.44 
3 30 49 3.64 7 -0.51 
5 27 166 3.71 12.8841 -0.58 
9 30 409 3.79 20.22375 -0.66 
15 30 769 4.16 27.73085 -1.03 
89 56 5235 4.45 72.3533 -1.32 
Consolidation Test 
Boring 4-3, Sample #2 
0 10 20 30 40 50 60 70 80 90 10 
0 
Square Root of Time, mln'0.5 
tgo 
height 
Cv 
7921 minutes 
10.46 cm 
4.88E-05 
Consolidation Tests - B6-2, Sample 1 
14psi 
Time 
Hour Minutes 
Elapsed 
Time 
Delta V 
Device 
SqRt 
Time 
Delta V 
15 0 1.45 0 0 
1 16 1 3.62 1 0 
1 17 1 3.65 1 0 
1 18 2 3.92 1.414214 -0.27 
19 3 3.97 1.732051 -0.32 
20 4 4.02 2 -0.37 
1 21 5 4.05 2.236068 -0.4 
1 22 6 4.08 2.44949 -0.43 
1 35 19 4.22 4.358899 -0.57 
1 43 27 4.25 5.196152 -0.6 
2 45 89 4.35 9.433981 -0.7 
3 12 116 4.38 10.77033 -0.73 
28 30 1634 4.63 40.42277 -0.98 
146 0 8684 4.88 93.18798 -1.23 
Consolidation Test 
Boring 6-2, Sample #1 
0 
-0.2 
-0.4 
-0.6 
-0.8 
-1 
-1.2 
-1.4 4-
I 
0 10 20 30 40 50 60 70 80 90 100 
Square Root of Time, min*0.5 
t90 900 minutes 
height 9.98 cm 
Cv 0.000391 
co 
00 
Consolidation Tests - B6-2, Sample 2 
14psi 
Time Elapsed Delta V SqRt Delta V 
Hour Minutes Time Device Time 
2 30 0 1.95 0 0 
2 32 2 4.12 1.414214 0 
2 44 12 4.34 3.464102 -0.22 
2 53 21 4.38 4.582576 -0.26 
6 32 240 4.69 15.49193 -0.57 
11 55 563 4.95 23.72762 -0.83 
19 5 993 5.16 31.5119 -1.04 
22 5 1173 5.48 34.24909 -1.36 
23 50 1278 5.5 35.74913 -1.38 
48 20 2748 5.75 52.42137 -1.63 
144 0 8488 6.97 92.13034 -2.85 
Consolidation Test 
Boring 6-2, Sample #2 
0 
0) -0.5 
D) 
C 
fQ -1 
£ 
o 
« 
-1.5 
F 
3 
O 
> 
-2.5 
-3 
0 10 20 30 40 50 60 70 80 90 100 
Square Root of Time, min'^ O.S 
tgo 
height 
Cv 
10000 minutes 
10.11 cm 
3.61 E-05 
co (O 
Consolidation Tests - B6-3, Sample 1 
14psi 
Time Elapsed Delta V SqRt Delta V 
Minutes Time Device Time 
9 5 0 6.52 0 0 
19 0 595 7.28 24.39262 -0.76 
21 0 120 7.34 10.95445 -0.82 
57 15 2295 8.6 47.90616 -1.32 
63 46 2686 8.71 51.82663 -1.43 
81 20 3740 9.11 61.15554 -1.83 
106 40 5260 9.36 72.52586 -2.08 
151 26 7946 9.42 89.14034 -2.14 
Consolidation Test 
Boring 6-3, Sample #1 
"N 
• 
0 20 40 60 80 100 
Square Root of Time, min'^ O.S 
tso 
heiglit 
Cv 
7225 minutes 
9.98 cm 
4.87E-05 
Consolidation Tests - B6-3, Sample 2 
14psi 
Time Elapsed Delta V SqRt Delta V 
Hour Minutes Time Device Time 
8 26 0 1.83 0 0 
8 26.5 0 2.19 0 0 
8 27 0.5 2.22 0.707107 -0.03 
8 28 1.5 2.27 1.224745 -0.08 
8 29 2.5 2.3 1.581139 -0.11 
8 31 4.5 2.35 2.12132 -0.16 
8 36 9.5 2.4 3.082207 -0.21 
8 49 22.5 2.45 4.743416 -0.26 
8 57 30.5 2.47 5.522681 -0.28 
9 45 78.5 2,49 8.860023 -0.3 
9 47 80.5 2.52 8.972179 -0.33 
10 22 115.5 2.54 10.74709 -0.35 
13 36 309.5 2.61 17.59261 -0.42 
32 55 1468.5 2.99 38.32101 -0.8 
44 45 2178.5 3.06 46.6744 -0.87 
56 45 2898.5 3.12 53.83772 -0.93 
Consolidation Test 
Boring 6-3, Sample §2 
0 
-0.2 
-0.4 
-0.6 
-0.8 
-1 
0 5 10 15 20 25 30 35 40 45 50 55 60 
Square Root of Time, min*0.6 
too 
height 
Cv 
3364 minutes 
9.027 cm 
8.56E-05 
Consolidation Tests - B7-2, Sample 1 
14psi 
Time Elapsed Delta V Sq Rt Delta V 
Hour Minutes Time Device Time 
10 38 0 2.18 0 0 
10 40 2 3.6 1.414214 0 
10 41 1 3.72 1 -0.12 
10 43 3 3.86 1.732051 -0.26 
10 44 4 3.96 2 -0.36 
11 1 21 4.47 4.582576 -0.87 
13 10 150 4.78 12.24745 -1.18 
17 12 392 4.92 19.79899 -1.32 
30 25 1185 5.1 34.42383 -1.5 
40 0 1760 5.08 41.95235 -1.48 
56 23 2743 5.09 52.37366 -1.49 
64 25 3225 5.15 56.78908 -1.55 
Consolidation Test 
Boring 7-2, Sample #1 
V 
20 40 60 
Square Root of Time, mln'^ O.S 
M 
t90 
heigilt 
Cv 
1190 minutes 
10.29 cm 
0.000314 
Consolidation Tests - B7-3, Sample 1 
7 psi 
Time Elapsed Delta V Sq Rt Delta V 
Hour Minutes Time Device Time 
9 1 0 1.57 0 0 
9 1.5 0 2.48 0 0 
10 2 60.5 2.93 7.778175 -0.45 
12 4 182.5 3.24 13.50926 -0.76 
14 9 307.5 3.39 17.53568 -0.91 
18 9 547.5 3.68 23.39872 -1.2 
22 9 787.5 3.75 28.06243 -1.27 
34 9 1507.5 4.6 38.82654 -2.12 
38 9 1747.5 4.62 41.80311 -2.14 
Consolidation Test 
Boring 7-3, Sample #1 
0 
-0.S 
-1 
-1.5 
•2 
-2.5 
V 
10 15 20 25 30 35 40 45 SO 
Square Root of Time, mln*0.5 
t90 
height 
Cv 
2025 minutes 
10.16 cm 
0.00018 
Consolidation Tests - B7-3, Sample 1 
7psi 
Time Elapsed Delta V SqRt Delta V 
Hour Minutes Time Device Time 
10 1 0 2.2 0 
10 1.5 0 2.35 0 0 
10 2 0.5 2.56 0.707107 -0.15 
10 4 2.5 2.66 1.581139 -0.36 
10 9 7.5 2.92 2.738613 -0.46 
10 13 11.5 3.02 3.391165 -0.72 
10 24 22.5 3.18 4.743416 -0.82 
10 50 48.5 3.55 6.964194 -0.98 
11 52 110.5 4.01 10.5119 -1.35 
13 35 213.5 4.34 14.61164 -1.81 
15 40 338.5 4.62 18.39837 -2.14 
18 0 478.5 4.85 21.87464 -2.42 
32 35 1353.5 5.9 36.78994 -2.65 
56 55 2813.5 6.8 53.04244 -3.7 
64 30 3268.5 6.99 57.1708 -4.6 
68 45 3523.5 7.07 59.35908 -4.79 
Consolidation Test 
Boring 7-3, Sample #2 
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Square Root of Time, min'^ O.S 
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t90 576 minutes 
height 10.16 cm 
Cv 0.000633 
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APPENDIX D. CUMULATIVE FLOW CURVES 
B4-3, SI -Cummuiative Flow Volumes 
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B2-2, S1 - Cummulative Flow Volumes 
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APPENDIX E. CL" TRACER TEST EXPERIMENTAL DATA 
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Be-3, SAMPLE 2 (ADJUSTED FOR POROUS STONES) 
flowrate: 40 
cross section area: 80.87 
porosity: .2958 
average pore water velocity: 1.67214670947028 
particle density: 2.69 
partition coefficient: 0 
retardation coefficient: 1 
dispersivity: 2.2 
dispersion coefficient: 3.67872276083461 
x-loc time aqueous solid 
conc. conc. 
1. 030E+01 1 .OOOE-01 3 .286E-32 0 .OOOE+00 
1. 030E+01 5 .OOOE-01 7 .475E-07 0 .OOOE+00 
1. 030E+01 9 .OOOE-01 5 .578E-04 0 .OOOE+00 
1. 030E+01 1 .300E+00 7 .270E-03 0 .OOOE+00 
1. 030E+01 1 .700E+00 2 .841E-02 0 •OOOE+OO 
1. 030E+01 2 .lOOE+00 6 .594E-02 0 .OOOE+00 
1. 030E+01 2 .500E+00 1 .165E-01 0 .OOOE+OO 
1. 030E+01 2 .900E+00 1 .751E-01 0 .OOOE+OO 
1. 030E+01 3 .300E+00 2 .375E-01 0 .OOOE+OO 
1. 030E+01 3 .700E+00 3 .005E-01 0 .OOOE+OO 
1. 030E+01 4 .lOOE+00 3 .617E-01 0 .OOOE+OO 
1. 030E+01 4 .500E+00 4 .200E-01 0 .OOOE+OO 
1. 030E+01 4 .900E+00 4 .746E-01 0 .OOOE+OO 
1. 030E+01 5 .300E+00 5 .250E-01 0 ,OOOE+OO 
1. 030E+01 5 .700E+00 5 .713E-01 0 .OOOE+OO 
1. 030E+01 6 .lOOE+00 6 .135E-01 0 .OOOE+OO 
1. 030E+01 6 .500E+00 6 .518E-01 0 .OOOE+OO 
1. 030E+01 6 .900E+00 6 .865E-01 0 .OOOE+OO 
1. 030E+01 7 .300E+00 7 .178E-01 0 .OOOE+OO 
1. 030E+01 7 .700E+00 7 .460E-01 0 .OOOE+OO 
1. 030E+01 8 .lOOE+00 7 .714E-01 0 .OOOE+OO 
1. 030E+01 8 .500E+00 7 .942E-01 0 .OOOE+OO 
1. 030E+01 8 .900E+00 8 .147E-01 0 .OOOE+OO 
1. 030E+01 9 .300E+00 8 .332E-01 0 .OOOE+OO 
1. 030E+01 9 .700E+00 8 .497E-01 0 .OOOE+OO 
B6-3, SAMPLE 2 
EFFECTIVE POROSITY: 
n(effective) = 0.5 E-5 cm/s = 0.2587 
1.93 E-5 cm/s 
n = 0.2958 
% n(effective)/n = 87.5% 
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B7-3, SAMPLE2 (ADJUSTED FOR POROUS STONE THICKNESS) 
flowrate: 47 
cross section area: 81.03 
porosity: .2564 
average pore water velocity: 2.26221562746257 
particle density: 2.69 
partition coefficient: 0 
retardation coefficient: 1 
dispersivity: 2 
dispersion coefficient: 4.52443125492513 
x-loc time aqueous solid 
cone. conc. 
1. 173E+01 1 .OOOE-01 1 .125E-33 0. OOOE+00 
1. 173E+01 5 .OOOE-01 5 .743E-07 0. OOOE+00 
1. 173E+01 9 .OOOE-01 5 .890E-04 0. OOOE+00 
1. 173E+01 1 .300E+00 8 .526E-03 0. OOOE+00 
1. 173E+01 1 .700E+00 3 .481E-02 0. OOOE+00 
1. 173E+01 2 .lOOE+00 8 .226E-02 0. OOOE+00 
1. 173E+01 2 .500E+00 1 .461E-01 0. OOOE+00 
1. 173E+01 2 .900E+00 2 .193E-01 0. OOOE+00 
1. 173E+01 3 .300E+00 2 .958E-01 0. OOOE+00 
1. 173E+01 3 . 700E+00 3 .712E-01 0. OOOE+00 
1. 173E+01 4 .lOOE+00 4 .428E-01 0. OOOE+00 
1. 173E+01 4 .500E+00 5 .091E-01 0. OOOE+00 
1. 173E+01 4 .900E+00 5 .693E-01 0. OOOE+00 
1. 173E+01 5 .300E+00 6 .233E-01 0. OOOE+00 
1. 173E+01 5 .700E+00 6 .713E-01 0. OOOE+00 
1. 173E+01 6 .lOOE+00 7 .137E-01 0. OOOE+00 
1. 173E+01 6 .500E+00 7 .509E-01 0. OOOE+00 
1. 173E+01 6 .900E+00 7 .835E-01 0. OOOE+00 
1. 173E+01 7 .300E+00 8 .120E-01 0. OOOE+00 
1. 173E+01 7 .700E+00 8 .367E-01 0. OOOE+00 
1. 173E+01 8 .lOOE+00 8 .583E-01 0. OOOE+00 
1. 173E+01 8 .500E+00 8 .770E-01 0. OOOE+00 
1. 173E+01 8 .900E+00 8 .932E-01 0. OOOE+00 
B7-3, SAMPLE 2 
EFFECTIVE POROSITY: 
n(effective) = 0.59 E-5 cm/s = .2256 
2.61 E-5 cm/s 
n = 0.2564 
% n(effective)/n =88.0 % 
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B6-3, Sample 2 CaCI2 Tracer Test 
Effluent Cumm. Cone. Pore Time C/Co 
Volume Volume Volumes (days) 
Tested 
10 10 88 0.0473 0.143143 0.0000 
10 20 90 0.0946 0.42943 0.0108 
10 30 88 0.1419 0.715717 0.0095 
10 40 95 0.1892 1.002004 0.0142 
9 49 117 0.2318 1.273977 0.0291 
10 59 133 0.2791 1.545949 0.0399 
10 69 150 0.3264 1.832236 0.0514 
10 79 180 0.3737 2.118523 0.0716 
8.6 87.6 252 0.4144 2.38477 0.1203 
10 97.6 299 0.4617 2.651016 0.1520 
10 107.6 377 0.5090 2.937303 0.2047 
18 125.6 414 0.5941 3.338105 0.2297 
10 135.6 600 0.6414 3.738906 0.3554 
9.4 145 681 0.6859 4.016605 0.4101 
11 156 718 0.7379 4.308617 0.4351 
10 166 800 0.7852 4.609218 0.4905 
9 175 844 0.8278 4.881191 0.5203 
10 185 880 0.8751 5.153163 0.5446 
9 194 943 0.9177 5.425136 0.5872 
10 204 970 0.9650 5.697109 0.6054 
20 224 1013 1.0596 6.126539 0.6345 
15 239 1027 1.1306 6.627541 0.6439 
10 249 1070 1.1779 6.985399 0.6730 
9 258 1121 1.2204 7.257372 0.7074 
14 272 1100 1.2867 7.586602 0.6932 
10 282 1220 1.3340 7.930146 0.7743 
9 291 1232 1.3765 8.202119 0.7824 
20 311 1200 1.4711 8.617234 0.7608 
15 326 1400 1.5421 9.118236 0.8959 
9.5 335.5 1200 1.3523 9.468938 0.7608 
335.5 1231 1.3523 9.604924 0.7818 
9.4 344.9 1265 1.3902 9.739479 0.8047 
8.5 353.4 1270 1.4244 9.995706 0.8081 
15 368.4 1273 1.4849 10.33209 0.8101 
8 376.4 1362 1.5171 10.66132 0.8703 
7.5 383.9 1342 1.5474 10.88319 0.8568 
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B7-3, Sample 2 CaCI2 Tracer Test 
Effluent Cumm. Cone. Pore C/Co Time 
Volume Volume Volumes 
Tested (CO) (days) 
5 11 85 0.0222 0.0064 0.112474 
10 21 82 0.0645 0.0046 0.327198 
9.5 30.5 85 0.1038 0.0064 0.526585 
10 40.5 80 0.1431 0.0035 0.725971 
11 51.5 74 0.1854 0.0000 0.940695 
6.1 57.6 106 0.2199 0.0185 1.115542 
7 64.6 114 0.2463 0.0232 1.249489 
8 72.6 116 0.2765 0.0243 1.402863 
6 78.6 161 0.3047 0.0504 1.546012 
6 84.6 166 0.3289 0.0533 1.668712 
10 94.6 138 0.3611 0.0371 1.832311 
11 105.6 165 0.4035 0.0527 2.047035 
10 115.6 216 0.4458 0.0823 2.261759 
13 128.6 279 0.4921 0.1188 2.496933 
12 140.6 370 0.5425 0.1715 2.752556 
10 150.6 460 0.5869 0.2236 2.977505 
11 161.6 545 0.6292 0.2729 3.192229 
6 167.6 650 0.6634 0.3337 3.366053 
11.1 178.7 693 0.6979 0.3586 3.5409 
9.5 188.2 736 0.7394 0.3835 3.751534 
9 197.2 689 0.7767 0.3563 3.940695 
9.5 206.7 863 0.8140 0.4571 4.129857 
10.5 217.2 914 0.8543 0.4867 4.334356 
11 228.2 964 0.8976 0.5156 4.554192 
9 237.2 1044 0.9379 0.5620 4.758691 
11 248.2 1036 0.9782 0.5574 4.96319 
9 257.2 1100 1.0185 0.5944 5.167689 
11 268.2 1127 1.0588 0.6101 5.372188 
9 277.2 1177 1.0992 0.6390 5.576687 
9.5 286.7 1200 1.1364 0.6524 5.765849 
286.7 1231 1.1556 0.6703 5.862986 
9.4 296.1 1265 1.1745 0.6900 5.9591 
8.5 304.6 1270 1.2106 0.6929 6.142127 
15 319.6 1273 1.2580 0.6947 6.382413 
8 327.6 1362 1.3043 0.7462 6.617587 
7.5 335.1 1342 1.3356 0.7346 6.776074 
10 345.1 1360 1.3708 0.7451 6.95501 
12 357.1 1366 1.4152 0.7486 7.179959 
8 365.1 1388 1.4555 0.7613 7.384458 
8.5 373.6 1424 1.4887 0.7822 7.55317 
10.5 384.1 1419 1.5270 0.7793 7.747444 
11 395.1 1427 1.5703 0.7839 7.96728 
16 411.1 1431 1.6247 0.7862 8.243354 
10.5 421.6 1485 1.6782 0.8175 8.514315 
9.1 430.7 1516 1.7177 0.8355 8.714724 
6.5 437.2 1569 1.7491 0.8662 8.874233 
10 447.2 1590 1.7823 0.8783 9.042945 
11.5 458.7 1535 1.8257 0.8465 9.262781 
10.3 469 1582 1.8696 0.8737 9.485685 
10 479 1630 1.9105 0.9015 9.693252 
169 
APPENDIX F. GASOLINE PERMEATION TEST EXPERIMENTAL DATA 
BORING B4-3 S*1.7-8 FT. LATERAL STRESS • 14 PSI. GRADIENT "W 1 1 1 1 1 
Clock Time Bapsed Influent Effluent Readings CummulativB Totals Effluent Perms || Intrinsic 1 H20 Gasoline Air Total 
Hr. 1 Min. nme(min. (ml) H20(tiil) IGasollne(ml 1 Air(ml) lnnuent([nl) LEIfluent(ml) H20 1 Gasoline 1 Air Pore Volumes Kcm/s 1 k.cm2 1 PotDsity Porosity Porosity Sum 
6 21 0 12 23 0 0 0 0 0 0.0000 0.296312 0 0.296312 
6 22 1 126 3.3 0.6 1 1 0 0 0.0042 3.03E-05 3.09E-10 0.295815 0 0.295815 
6 25 4 14.1 4.9 21 26 26 0 0 0.0109 2E-05 205E-10 0.29569 0 0.29569 
6 28 7 17 7.8 5 5.5 5.5 0 0 0.0231 3.93E-05 4.01 E-10 0.29569 0 029569 
6 32 11 18.8 9.8 6.8 7.5 7.5 0 0 00315 203E-05 208E-10 0295442 0 0295442 
6 37 16 38 13.1 10.6 10.8 10.8 0 0 0.0453 0.296063 0 0.296063 
6 42 21 6.4 15.6 13.2 13.3 13.3 0 0 0.0558 202E-05 206E-10 0296188 0 0.296188 
7 13 52 20.3 28.5 27.1 26.2 26.2 0 0 01100 207E-05 212E-10 0297431 0 0297431 
7 30 69 6.2 31.5 33.3 29.2 29.2 0 0 0.1226 0.296436 0 0296436 
7 58 97 0 0.9 326 33.3 29.2 30.1 0 0 01226 0295317 0 0.295317 
7 59 98 1.5 1.2 32.6 34.8 29.5 30.4 0 0 01238 3.01 E-05 3.07E-10 0296809 0 0296809 
8 0 99 2.2 1.8 326 35.5 30.1 31 0 0 0.1264 22E-05 225E-10 0.296934 0 0.296934 
8 1 100 3.3 Z3 326 36.6 30.6 31.5 0 0 0.1285 275E-05 281 E-10 0.29768 0 0.29768 
8 2 101 3.9 23 322 37.2 30.6 31.5 0 0 0.1265 225E-05 23E-10 0.298426 0 0.298426 
8 3 102 4.2 23 31.7 37.5 30.6 31.5 0 0 0.1285 1.63E-05 1.66E-10 0298177 0 0298177 
8 4 103 4.5 3 30.9 37.8 31.3 322 0 0 0.1314 1.52E-05 1.55E-10 0.298301 0 0.298301 
8 5 104 4.9 3.7 30.2 38.2 32 329 0 0 0.1343 1.32E-05 1.34E-10 0.29792S 0 0297928 
8 6 105 5.3 4.6 29.5 38.6 329 33.8 0 0 0.1381 1.64E-05 1.67E-10 0.297307 0 0297307 
8 7 106 5.6 5.3 28.7 38.9 33.6 34.5 0 0 0.1411 1.96E-05 2E-10 0.298053 0 0.298053 
8 8 107 5.9 5.8 28.2 39.2 34.1 35 0 0 0.1432 1.89E-05 1.92E-10 0.297804 0 0.297804 
8 9 loa 6.2 6.4 27.5 39.5 34.7 35.6 0 0 0.1457 l.aiE-05 1.85E-10 0.297431 0 0297431 
8 10 109 6.5 7 27 39.8 35.3 36.2 0 0 0.1482 1.65E-05 1.68E-10 0.297058 0 0.297058 
8 11 110 7 7.9 26.3 40.3 36.2 37.1 0 0 0.1520 1.85E-05 1.89E-10 0.296561 0 0296561 
8 12 111 7.3 8.2 25.9 40.6 36.5 37.4 0 0 0.1532 1.77E-05 1.81 E-10 0296561 0 0.296561 
a 13 112 7.6 8.a 25.4 40.9 37.1 38 0 0 0.1558 1.79E-05 1.83E-10 0.296188 0 0.296188 
8 14 113 a 9.4 24.9 41.3 37.7 38.6 0 0 0.1583 1.B5E-05 1.a9E-10 0295939 0 0.295939 
8 15 114 8.4 10 24.3 41.7 38.3 39.2 0 0 0.1608 1.68E-05 1.72E-10 0.296312 0 0.296312 
8 16 115 8.8 10.5 23.7 421 388 39.7 0 0 0.1629 1.84E-05 1.a8E-10 0.296809 0 0296809 
8 17 116 9.2 11.1 23.3 425 39.4 40.3 0 0 0.1654 1.91E-05 1.95E-10 0296561 0 0296561 
a 18 117 9.6 11.6 22.8 42.9 39.9 40.8 0 0 0.1675 1.88E-05 1.92E-10 0296436 0 0.296436 
8 19 118 9.9 122 22.3 43.2 40.5 41.4 0 0 0.1700 1.85E-05 1.89E-10 0.296063 0 0.296063 
8 20 119 10.2 126 21.9 43.5 40.9 41.8 0 0 0.1717 1.76E-05 l.aE-10 0295939 0 0.295939 
8 21 120 10.5 13:1 21.4 43.6 41.4 423 0 0 0.1738 1.68E-05 1.71E-1Q 0.29569 0.002487 0.298177 
8 22 121 10.9 13.6 21 44.2 41.9 428 0 0 0.1759 1.69E-05 1.73E-10 0295566 0002984 029855 
a 23 122 11.2 14 20.6 44.5 423 43.2 0 0 0.1776 1.6E-05 1.64E-10 0295442 0.003357 0298799 
a 24 123 11.5 14.5 20.1 44.8 428 43.7 0 0 0.1797 1.67E-05 1.71E-10 0295193 0.00373 0.298923 
8 25 124 11.8 14.9 19.7 45.1 43.2 44.1 0 0 0.1814 1.63E-05 1.67E-10 0.295069 0.004103 0.299172 
a 26 125 1Z1 15.2 19.4 45.4 43.5 44.4 0 0 0.1826 1.49E-05 1.52E-10 0295069 0.004476 0299545 
8 27 126 12.2 15.8 19 45.5 44.1 45 0 0 0.1851 1.5E-05 1.53E-10 0294447 0.004601 0.299048 
8 28 127 1Z7 16.2 18.6 46 44.5 45.4 0 0 0.1868 l,57E-05 1.6E-10 0.293949 0.005222 0.299172 
8 29 128 13 16.6 18.2 46.3 44.9 45.8 0 0 0.1885 1.58E-05 1.61E-10 0293452 0.005595 0.299048 
8 30 129 13.3 17 17.4 46.6 453 46.2 0 0 0.1902 1.65E-05 1.6aE-10 0292955 0005969 0298923 
a 31 130 13.6 17.5 17.4 46.9 45.8 46.7 0 0 0.1923 1.72E-05 1.75E-10 0.292333 0006342 0.298674 
8 32 131 139 17.8 17 47.2 46.1 47 0 0 0.1935 1.56E-05 1.6E-10 0.29196 0.006715 0298674 
8 33 132 14.2 18.2 16,7 47.5 46.5 47.4 0 0 0.1952 1.58E-05 1.61E-10 0291463 0.007088 029855 
8 34 133 14.5 18.5 16.3 47.8 46.8 47.7 0 0 0.1965 1.53E-05 1.56E-10 0.29109 0007461 0.29855 
a 35 134 14.8 18.9 16 48.1 472 48.1 0 0 0.1982 1.49E-Q5 1.52E-10 0.290592 0.007834 0.298426 
a 35 135 15 193 15.7 48.3 47.6 48.5 0 0 0.1998 1.5E-05 1.53E-10 0290095 0008082 0298177 
8 37 136 15.2 19.5 15.4 48.5 47.8 48.7 0 0 0.2007 1.33E-05 1.36E-10 0289846 0.008331 0298177 
a 38 137 15.4 19.8 15.1 48.7 48.1 49 0 0 0.2019 1.29E-05 1.31E-10 0289473 0.00858 0298053 
8 39 138 15.6 20 14.9 48.9 48.3 49.2 0 0 02028 1.12E-05 1.14E-10 0.289224 0008828 0.298053 
a 40 139 15.8 20.3 14.7 49.1 48.6 49.5 0 0 0.2040 1.07E-05 1.09E-10 0288851 0.009077 0297928 
o 
8 41 140 16 20.8 14.5 49.3 49.1 50 0 0 0.2061 1.25E-05 1.2BE-10 0.28823 0.009326 0.297555 
8 42 141 16.2 21 14.2 49.5 49.3 50.2 0 0 02070 1.2E-05 1.22E-10 0.287981 0.009574 0.297555 
6 43 142 16.4 21.2 14 49.7 49.5 50.4 0 0 0.2078 1.21 E-05 1.23E-10 0.287732 0.009823 0.297555 
8 44 143 16.6 21.4 13.8 49.9 49.7 50.6 0 0 0.2086 1.15E-05 1.18E-10 0.287484 0.010072 0.297555 
8 45 144 16.7 21.6 13.6 50 49.9 50.8 0 0 0.2095 9.15E-06 9.34E-11 0.287235 0.010196 0 297431 
8 46 145 16.9 21.8 13.4 50.2 50.1 51 0 0 0.2103 9.2E-06 9.39E-11 0.286986 0.010445 0.297431 
8 47 146 17.1 22 13.3 50.4 50.3 51.2 0 0 02112 9.25E-06 9.44E-11 0.286737 0.010694 0.297431 
8 48 147 17.2 4.5 132 50.5 51.3 522 0 0 02154 0.285494 0010818 0.296312 
8 50 149 17.5 4.8 31.8 50.8 51.6 525 0 0 0.2166 0.285121 0.011191 0.296312 
8 53 152 17.8 5.1 31.8 51.1 51.9 528 0 0 02179 0.284748 0.011564 0.296312 
8 55 154 1.8 5.3 31.8 625 521 53 0 0 02187 0.284499 0.013305 0.297804 
8 56 155 2.1 5.4 31.8 528 522 53.1 0 0 02191 0.284375 0.013678 0.296053 
8 57 156 2.3 5.5 31.8 53 523 53.2 0 0 0.2196 0.284251 0.013927 0.298177 
8 58 157 2.4 5.7 31.7 53.1 525 53.4 0 0 0.2204 0.284002 0.014051 0.298053 
8 59 158 2.5 5.8 31.5 53.2 526 53.5 0 0 0.2208 5.29E-06 5.4E-11 0.283878 0.014175 0.298053 
9 0 159 26 5.9 31.3 53.3 527 53.6 0 0 0.2212 4.42E-06 4.51E-11 0.283753 0.0143 0.298053 
9 1 160 27 6.4 31.2 53.4 53.2 54.1 0 0 0.2233 5.77E-06 5.89E-11 0.283131 0.014424 0.297555 
9 5 164 3.1 7 30.7 53.8 53.8 54.7 0 0 0.2259 5.1E-06 5.21E-11 0.282385 0.014921 0.297307 
9 10 169 3.4 7.7 302 54.1 54.5 55.4 0 0 0.2288 4.57E-06 4.67E-11 0.281515 0.015294 0.296809 
9 15 174 3.7 8.1 29.6 54.4 54.9 55.8 0 0 0.2305 3.97E-06 4.05E-11 0.281018 0.015667 0.296685 
9 20 179 3.8 8.4 29.3 64.5 55.2 56.1 0 0 0.2317 296E-06 3.02E-11 0.280645 0.015792 0.296436 
9 25 184 4.1 9 29 54.8 55.8 56.7 0 0 0.2343 274E-06 28E-11 0.279899 0.016165 0.296063 
9 30 189 4.3 9.7 28.4 55 56.5 57.4 0 0 0.2372 268E-06 273E-11 0.279028 0.016413 0.295442 
9 35 194 4.4 10.2 27.8 55.1 57 57.9 0 0 0.2393 26E-06 266E-11 0.278406 0.016538 0.294944 
9 40 199 4.6 10.9 27.5 55.3 57.7 58.6 0 0 0.2422 3.09E-06 3.15E-11 0.277536 0.016786 0.294322 
9 45 204 4.8 11.9 26.8 55.5 58.7 59.6 0 0 0.2464 3.4E-06 3.47E-11 0.276293 0.017035 0.293328 
9 50 209 4.9 13.6 26 55.6 60.4 61.3 0 0 0.2536 4.31E-06 4.4E-11 0.274179 0.017159 0.291338 
10 0 219 5.4 14.7 24.3 56.1 61.5 62.4 0 0 02582 4.26E-06 4.35E-11 0.272811 0.017781 0.290592 
10 10 229 6 14.7 20.7 56.7 61.5 624 0 0 0.2582 3.38E-06 3.46E-11 0.272811 0.018527 0.291338 
10 20 239 6.7 4.7 18.8 57.4 626 63.5 0 0 0.2628 0.271443 0.019398 0.290841 
10 30 249 8.6 5.8 29.9 59.3 63.7 64.6 0 0 0.2674 1.39E-06 1.42E-11 0.270075 0.02176 0.291836 
10 40 259 10.7 5.7 26.6 61.4 63.6 64.5 0 0 0.2670 234E-06 239E-11 0.2702 0.024371 0.294571 
10 50 269 123 7.3 23.4 63 67 66.1 1.8 0 0.2813 1E-05 7.1E-11 0.26821 0.024123 0.292333 
11 0 279 14.6 7.3 17.9 65.3 68.8 66.1 3.6 0 02888 1.1E-05 7.76E-11 0.26821 0.024744 0.292955 
11 15 294 16.9 7.3 15 67.6 70.6 66.1 5.4 0 0.2964 7.73E-06 5.46E-11 0.26821 0.025366 0.293576 
11 23 302 18.5 7.3 8 28.6 69.2 724 66.1 7.2 0 0.3039 a52E-05 249E-10 0.26821 0.025118 0.293328 
11 24 303 1.4 7.3 8.1 28 70.6 73.2 66.1 8 0 0.3073 0.26821 0.025864 0.294074 
11 28 307 28 8.3 9.6 25.4 72 74.7 67.1 8.5 0 0.3136 0.266967 0.026983 0.293949 
11 30 309 3.5 8.3 10.3 242 72.7 75.4 67.1 9.2 0 0.3165 0.266967 0.026983 0.293949 
11 32 311 4.4 8.3 10.5 23.4 73.6 75.6 67.1 9.4 0 0.3174 4.97E-05 0.266967 0.027853 0.29482 
11 34 313 5.1 8.3 10.9 221 74.3 76 67.1 9.8 0 0.3191 3.38E-05 239E-10 0.266967 0.028226 0.295193 
11 38 317 5.7 8.3 11.8 20.4 74.9 76.9 67.1 10.7 0 0.3228 1.76E-05 1.24E-10 0.266967 0.027853 0.29482 
11 40 319 6.3 8.3 125 19.4 75.5 77.6 67.1 11.4 0 0.3258 3.76E-05 266E-10 0.266967 0.027729 0.294695 
11 42 321 6.7 8.3 13 18.4 75.9 78.1 67.1 11.9 0 0.3279 3.6E-05 255E-10 0.266967 0.027604 0.294571 
11 44 323 7.2 8.3 13.5 17.6 76.4 78.6 67.1 124 0 0.3300 3.16E-05 223E-10 0.266967 0.027604 0.294571 
11 
11 
46 325 7.6 8.3 13.9 17 76.8 79 67.1 128 0 0.3317 269E-05 1.9E-10 0.266967 0.027604 0.294571 
48 327 8.1 8.3 14.3 16.4 77.3 79.4 67.1 13.2 0 0.3333 272E-05 1.92E-10 0.266967 0.027729 0.294695 
11 50 329 8.5 8.3 14.5 16 77.7 79.6 67.1 13.4 0 0.3342 234E-05 1.65E-10 0.266967 0.027977 0.294944 
11 52 331 8.9 8.5 14.8 15.5 78.1 79.9 67.3 13.5 0 0.3354 225E-05 1.59E-10 0.266718 0.02835 0.295069 
11 54 333 9.2 8.5 14.8 15.3 78.4 79.9 67.3 13.5 0 0.3354 1.65E-05 1.16E-10 0.266718 0.028723 0.295442 
11 56 335 9.5 8.5 14.9 15 78.7 80 67.3 13.6 0 0.3359 1.45E-05 1.02E-10 0.266718 0.028972 0.29569 
11 58 337 9.7 8.5 15 14.5 78.9 80.1 67.3 13.7 0 0.3363 1.04E-05 7.36E-11 0.266718 0.029097 0.295815 
12 0 339 9.9 8.5 15.4 13.8 79.1 80.5 67.3 14.1 0 0.3380 1.36E-05 9.61E-11 0.266718 0.028848 0.295566 
12 5 344 10.4 9 16.3 125 79.6 81.4 67.8 14.5 0 0.3417 9.73E-06 6.87E-11 0.266096 0.028972 0.295069 
12 10 349 11.1 9 17.2 31 80.3 823 67.8 15.4 0 0.3455 1.54E-05 1.09E-10 0.266096 0.028723 0.29482 
12 15 354 11.7 9 18 30 80.9 83.1 67.8 162 0 0.3489 1.9E-05 1.34E-10 0.266096 0.028475 0.294571 
12 20 359 123 9 18.9 29.9 81.5 84 67.8 17.1 0 0.3526 1.98E-05 1.4E-10 0.266096 0.028102 0.294198 
12 27 366 13.2 9 20.9 27.5 824 86 67.8 19.1 0 0.3610 1.87E-05 1.32E-10 0266096 0.026734 0.29283 
12 35 374 13.8 9 20.9 26.5 83 86 67.8 19.1 0 0.3610 1.43E-05 1.01E-10 0.266096 0.02748 0.293576 
12 43 382 14.5 9 21.8 25.5 83.7 86.9 67.8 20 0 0.3648 1.48E-05 1.05E-10 0.266096 0.027231 0.293328 
12 55 394 15.4 9 23 24.2 84.6 88.1 67.8 21.2 0 0.3699 8.6E-06 6.08E-11 0.266096 0.026858 0.292955 
13 2 401 15.9 9 23.5 23.6 85.1 88.6 67.8 21.7 0 0.3720 1.63E-05 1.15E-10 0.266096 0.026858 0.292955 
13 15 414 16.5 9 24 23.3 85.7 89.1 67.8 222 0 0.3741 7.97E-06 5.63E-11 0.266096 0.026983 0.293079 
13 23 422 17 9 24.2 23 86.2 89.3 67.8 22.4 0 0.3749 8.8E-06 6.22E-11 0.266096 0.027356 0.293452 
13 30 429 17.8 9 26.6 20 87 91.7 67.8 24.8 0 0.3850 1.85E-05 1.31E-10 0.266096 0.025366 0.291463 
13 40 439 19.5 9 27.9 19 88.7 93 67.8 26.1 0 0.3904 1.84E-05 1.3E-10 0.266096 0.025864 0.29196 
13 55 454 4.5 9.8 29.8 17.2 89.7 94.9 68.6 27.2 0 0.3984 0.265102 0.025739 0.290841 
25 24 1143 4.4 323 89.7 98 68.6 28.7 0.7 0.4114 0.265102 0.023874 0.288976 
25 30 1149 4.6 323 89.7 98.2 68.6 28.9 0.7 0.4123 0.265102 0.023625 0.288727 
25 40 1159 5.1 323 89.7 98.7 68.6 29.4 0.7 0.4144 0.265102 0.023004 0.288105 
25 43 1162 5.4 323 89.7 99 68.6 29.7 0.7 0.4156 0.265102 0.022631 0 0.287732 
25 49 1168 8.8 321 89.7 1026 68.6 33.1 0.9 0.4307 0.265102 0.018403 0.012695 0.2962 
25 50 1169 4.2 8.9 321 89.7 1027 68.6 33.2 0.9 0.4312 6.17E-06 0.265102 0.018279 0.01282 0.2962 
25 52 1171 4.2 8.9 31.5 89.7 103.3 68.6 33.2 1.5 0.4337 4.8E-06 0.265102 0.018279 0.01282 0.2962 
25 55 1174 4.2 8.9 30.8 89.7 104 68.6 33.2 22 0.4366 1.71E-05 0.265102 0.018279 0.01282 0.2962 
25 58 1177 4.2 10.6 28.3 89.7 108.2 68.6 34.9 4.7 0.4542 206E-05 0.265102 0.016165 0.014934 0.2962 
25 59 1178 4.4 11.2 27.3 89.7 109.8 68.6 35.5 5.7 0.4610 1.85E-05 0.265102 0.015419 0.01568 0.2962 
26 0 1179 4.5 12.1 26.4 89.7 111.6 68.6 36.4 6.6 0.4685 0.265102 0.0143 0.016799 0.2962 
26 1 1180 4.5 124 26.2 89.7 1121 68.6 36.7 6.8 0.4706 0.265102 0.013927 0.017172 0.2962 
26 2 1181 4.5 127 25.9 89.7 1127 68.6 37 7.1 0.4731 1.23E-05 0.265102 0.013554 0.017545 0.2962 
26 3 1182 4.5 13.4 25.3 89.7 114 68.6 37.7 7.7 0.4786 3.09E-05 0.265102 0.012683 0.018415 0.2962 
26 4 1183 4.5 14.9 23.8 89.7 117 68.6 39.2 9.2 0.4912 3.7E-05 0.265102 0.010818 0.02028 0.2962 
26 5 1184 5 16.1 22 89.7 120 68.6 40.4 11 0.5038 4.11E-05 0.265102 0.009326 0.021773 0.2962 
26 6 1185 5 16.2 20 89.7 122.1 68.6 40.5 13 0.5126 5.14E-05 0.265102 0.009201 0.021897 0.2962 
26 7 1186 5 16.2 17.5 89.7 124.6 68.6 40.5 15.5 0.5231 5.14E-05 0.265102 0.009201 0.021897 0.2962 
26 8 1187 5 16.2 15 89.7 127.1 68.6 40.5 18 0.5336 3.09E-05 0.265102 0.009201 0.021897 0.2962 
26 9 1188 5 16.3 13.5 89.7 128.7 68.6 40.6 19.5 0.5403 4.94E-05 0.265102 0.009077 0.022021 0.2962 
26 10 1189 5.1 17.1 11.1 89.7 131.9 68.6 41.4 21.9 0.5537 0.265102 0.008082 0.023016 0.2962 
26 11 1190 5.2 17.3 28.8 89.7 136.1 68.6 41.6 25.9 0.5714 7.82E-05 0.265102 0.007834 0.023265 0.2962 
26 12 1191 5.3 17.3 25 89.7 139.9 68.6 41.6 29.7 0.5873 8.23E-05 0.265102 0.007834 0.023265 0.2962 
26 13 1192 5.3 17.3 21 89.7 143.9 68.6 41.6 33.7 0.6041 8.02E-05 0.265102 0.007834 0.023265 0.2962 
26 14 1193 5.3 17.3 17.1 89.7 147.8 68.6 41.6 37.6 0.6205 8.12E-05 0.265102 0.007834 0.023265 0.2962 
26 16 1195 5.3 17.3 9.2 89.7 155.7 68.6 41.6 45.5 0.6537 0.265102 0.007834 0.023265 0.2962 
26 17 1196 5.3 18 29.5 89.7 159.2 68.6 423 48.3 0.6683 8.23E-05 0.265102 0.006963 0.024135 0.2962 
26 16 1197 5.3 18 25.5 89.7 163.2 68.6 423 523 0.6851 8.84E-05 , 0.265102 0.006963 0.024135 0.2962 
26 19 1198 5.3 18 21.2 89.7 167.5 68.6 423 56.6 0.7032 0.265102 0.006963 0.024135 0.2962 
perm intrin 1
 
§ 205E-05 209E-10 
StdDev 5.6E-06 5.72E-11 
AvaGas 296E-05 1.33E-10 
StdDev Z31E-05 6.32E-11 
BORINO B2-2 8#1.7-8 FT. LATERAL STRESS-14 PSl, GRADIENT >10 I 1 1 Intrinsic 
Clock Time Elapsed Influent Effluent Readings Cummulative Totals Cummulative{ml)1 Effluent K K H20 Gasoline Air %Gas %Oev 
Hr. 1 Miri. nme(mln.] (ml) H20(ml) 3asoline(mi; Air(ml} lnfluent(mD Effluent(nil) H20 Gasoline Atr Pore Volumes cm/s cm'*2 Porosity Porosity Porosity 
7 53 0 0 0.5 0 0 0 0 0 0 0.300158 0 0.300158 0.004171 
7 53.5 0.5 29 0.5 0.1 0 0 0 0 0.0000 0.300158 0 0.300156 0.004171 
7 54 1 3 0.5 0.2 0 0 0 0 0.0000 0.300158 0 0.300158 0.004171 
7 55 2 3.1 0.6 0.3 0.1 0.1 0 0 0.0003 0.300156 0 0.300158 0.004171 
6 0 7 3.2 0.8 0.4 0.3 0.3 0 0 0.0010 1.7E-0e 1.74E-11 0.300158 0 0.300158 0.004171 
8 5 12 • 3.4 1 0.6 0.5 0.5 0 0 0.0016 2.39E-06 244E-11 0.300156 0 0.300158 0.004171 
8 10 17 3.6 1.2 0.8 0.7 0.7 0 0 0.0023 2.74E  ^ 279E.11 0.300158 0 0.300158 0.004171 
8 15 22 3.7 1.3 0.9 0.8 0.8 0 0 0.0026 206E06 21E-11 0.300158 0 0.300158 0.004171 
8 20 27 3.8 1.5 1 1 1 0 0 0.0033 1.72E  ^ 1.76E-11 0.300158 0 0.300156 0.004171 
8 25 32 3.8 1.7 1 1.2 1.2 0 0 0.0040 1.72E  ^ 1.76E-11 0.300158 0 0.300158 0.004171 
8 30 37 38 1.9 1 1.4 1.4 0 0 0.0046 1.38E-06 1.41E-11 0.300158 0 0.300158 0.004171 
8 35 42 3.8 2.2 1 1.7 1.7 0 0 0.0056 1.73E-06 1.77E.11 0.300158 0 0.300156 0.004171 
8 40 47 3.8 2.4 1 1.9 1.9 0 0 0.0063 1.74E-06 1.77E-11 0.300158 0 0.300156 0.004171 
8 45 52 3.8 2.Q 1 21 2.1 0 0 0.0069 1.39E-06 1.42E-11 0.300158 0 0.300156 0.004171 
8 50 57 3.8 3 1 25 25 0 0 0.0082 2.09E-06 214E-11 0.300158 0 0.300158 0.004171 
8 55 62 3.8 3.1 1 26 26 0 0 0.0066 1.7SE-06 1.78E-11 0.300158 0 0.300158 0.004171 
9 0 67 3.8 3.4 1 29 29 0 0 0.0096 1.4E  ^ 1.43E-11 0.300158 0 0.300158 0.004171 
9 5 72 3.8 3.6 1 3.1 3.1 0 0 0.0102 1.75E-06 1.79E-11 0.300158 0 0.300158 0.004171 
9 10 77 3.8 3.8 1 3.3 3.3 0 0 0.0109 1.41 E-06 1.44E-11 0.300158 0 0.300158 0.004171 
9 15 82 3.9 3.8 1.1 3.3 3.3 0 0 0.0109 1.06E-06 1.08E-11 0.300158 0 0.300158 0.004171 
9 20 87 4.3 4.1 1.5 3.6 3.6 0 0 0.0119 283E-06 289E-11 0.300156 0 0.300158 0.004171 
9 25 92 4.4 4.4 1.6 3.9 3.9 0 0 0.0129 3.9E-06 3.98E-11 0.300158 0 0.300158 0.004171 
9 30 97 4.5 4.8 1.7 4.3 4.3 0 0 0.0142 3.21 E-06 3.28E-11 0.300158 0 0.300158 0.004171 
9 35 102 4.5 4.9 1.7 4.4 4.4 0 0 0.0145 214E-06 219E-11 0.300156 0 0.300156 0.004171 
9 40 107 4.6 5.5 1.8 5 5 0 0 0.0165 287E-06 294E.11 0.300158 0 0.300158 0.004171 
9 45 112 4.7 6 1.9 5.5 5.5 0 0 0.0181 4.6gE-06 4.79E-11 0.300158 0 0.300158 0.004171 
9 50 117 4.7 6.2 1.9 5.7 5.7 0 0 0.0188 29E.06 296E-11 0.300158 0 0.300158 0.004171 
10 0 127 4.8 7 2 6.5 6.5 0 0 0.0214 201 E-06 205E.11 0.300158 0 0.300158 0.004171 
10 10 137 5 7.8 22 7.3 7.3 0 0 0.0241 3.48E-06 3.56E-11 0.300158 0 0.300158 0.004171 
10 20 147 5.2 8.4 24 7.9 7.9 0 0 0.0260 3.33E-06 3.4E-11 0.300158 0 0.300158 0.004171 
10 30 157 5.3 9 25 8.5 8.5 0 0 0.0280 28E>06 286E-11 0.300158 0 0.300158 0.004171 
10 40 167 5.5 9.8 27 9.3 9.3 0 0 0.0307 3.2E-06 3.27E.11 0.300158 0 0.300158 0.004171 
10 50 177 6 10.5 3.2 10 10 0 0 0.0330 4.16E-06 4.27E-11 0.300158 0 0.300158 0.004171 
11 0 187 7 • 9.1 4.2 10.8 10.6 0 0 0.0356 1.52E-06 1.56E-11 0.300376 0 0.300376 -0.01761 
11 15 202 7 9.6 4.2 11.3 11.3 0 0 0.0372 0.299881 0 0.299881 0.031876 
11 30 217 7 10.2 4.2 11.9 11.9 0 0 0.0392 1.41 E-06 1.44E.11 0.299287 0 0.299287 0.091259 
11 31 218 10.9 10.4 4.8 121 12.1 0 0 0.0399 0.299089 0 0.299069 0.111053 
11 40 227 11.7 10.5 5.6 122 122 0 0 0.0402 1.1E-0S 1.13E-10 0.29899 0 0.29899 0.12095 
11 50 237 1Z5 10.7 6.4 12.4 124 0 0 0.0409 3.87E-06 3.96E-11 0.298793 0 0.298793 0.140744 
12 0 247 13 11.4 6.9 13.1 13.1 0 0 0.0432 4.S4E-06 4.63E-11 0.2981 0 0 0.2981 0.210024 
12 
12 
10 257 13.6 12 7.5 13.7 13.7 0 0 0.0452 5.01 E-06 5.12E-11 0.297506 0 0 0.297506 0.269406 
20 267 14.1 1Z8 8 14.5 14.5 0 0 0.0478 5.29E-0e 5.4E.11 0.296714 0 0 0.296714 0.348583 
12 
12 
30 277 14.7 13.5 8.6 15.2 152 0 0 0.0501 5.58E-06 5.7E-11 0.296021 0 0 0.296021 0.417662 
35 282 15 14 8.9 15.7 15.7 0 0 0.0517 9.12E-06 9.32E-11 0.295527 0 0 0.295527 0.467348 
12 45 292 15.5 15 9.4 16.7 16.7 0 0 0.0550 5.08E-06 5.18E.11 0.294537 0 0 0.294537 0.566318 
12 55 302 16.1 15.4 10 17.1 17.1 0 0 0.0564 5.5eE-06 5.7E-11 0.294141 0 0 0.294141 0.605907 
13 15 322 17.2 16.7 11.1 18.4 18.4 0 0 0.0606 3.86E-06 3.96E-11 0.292854 0 0 0.292854 0.734568 
13 30 337 17.9 18.4 11.8 20.1 20.1 0 0 0.0662 7.46E-06 7.62E-11 0.291172 0.000746 0 0.291918 0.828212 
13 40 347 18.3 18.9 122 20.6 20.6 0 0 0.0679 7.85E-06 8.02E-11 0.290677 0.001243 0 0.29192 0.82796 
13 55 362 1.8 20.7 13.5 224 22.4 0 0 0.0736 0.288895 0.00266 0 0.291755 0.84446 
14 25 392 4.3 23.9 16 25.6 25.6 0 0 0.0844 0.285728 0.005969 0 0.291697 0.850306 
03 
14 40 J 407 5.7 1 17.4 26.6 26.6 0 0 0.0877 4.42E-06 4.52E-11 0.284739 0.007709 0 0.292448 0.775195 
15 0 427 7.4 1 19.1 26.6 26.6 0 0 0.0877 269E-06 274E-11 0.284739 0.009823 0 0.294562 0.56381 
15 17 444 9.3 1.6 2 21 27.3 27.2 0.1 0 0.0900 5.85E-06 4.14E-11 0.284145 0.012061 0 0.296206 0.399373 
15 27 454 10.6 3.1 3.4 223 29 28.7 0.3 0 0.0956 1.2E-05 8.46E-11 0.28266 0.013429 0 0.296069 0.411051 
15 30 457 11 3.4 3.5 22.7 29.4 29 0.4 0 0.0969 1.98E-05 1.4E.10 0.282363 0.013802 0 0.296166 0.403439 
15 57 484 14.5 3.6 5.6 26.2 31.2 29.2 2 0 0.1028 4.36E-06 3.08E-11 0.282165 0.016165 0 0.29833 0.186979 
16 26 513 18.1 4.6 9.9 29.8 35.5 30.2 5.3 0 0.1170 9.41 E-06 6.65E-11 0.281176 0.016538 0 0.297714 0.248646 
16 46 533 5.6 5.1 10.5 34.9 36.1 30.7 5.4 0 0.1190 8.5gE-06 6.07E-11 0.280681 0.022755 0 0.303436 >0.32359 
17 16 563 11.1 7.1 16.3 40.4 41.9 327 9.2 0 0.1381 7.65E-06 5.4E-11 0.278702 0.024869 0 0.30357 -0.33703 
18 0 607 18.8 7.7 23.9 48.1 49.5 33.3 16.2 0 0.1632 1.35E  ^ 9.51 E-11 0.278108 0.025739 0 0.303847 •0.36469 
18 30 637 6.3 8.6 28.4 53.6 54 34.2 19.6 0 0.1780 5.46E-06 3.87E-11 0.277217 0.028102 0 0.305319 -0.51187 
19 0 667 11.6 9.1 33.2 58.9 58.8 34.7 24.1 0 0.1938 1.57E  ^ 1.11E-10 0.276722 0.029345 0 0.306067 -0.58673 
32 15 1462 11.6 2.2 5.5 34.2 58.9 65.6 38.2 27.4 0 0.2162 0.273258 0.025242 0 0.2985 0.170004 
32 16 1463 11.6 3.5 8 33.1 58.9 70.4 40.7 28.6 1.1 0.2320 0.270784 0.02375 0 0.294534 0.566643 
32 19 1466 11.6 3.5 8.6 3Z5 58.9 72.2 41.3 29.2 1.7 0.2380 203E-05 1.43E-10 0.27019 0.023004 0 0.293194 0.700632 
32 22 1469 11.6 3.5 9.6 31.4 58.9 75.3 423 30.2 28 0.2482 1.07E-05 7.53E-11 0.2692 0.02176 0.009197 0.300158 0.0042 
32 25 1472 11.6 3.6 11 30.1 58.9 79.3 43.7 31.5 4.1 0.2614 0.267815 0.020144 0.0122 0.300158 0.0042 
32 30 1477 11.6 3.7 128 28.5 58.9 84.4 45.5 33.2 5.7 0.2782 1.31E-05 9.28E-11 0.266033 0.01803 0.016095 0.300158 0.0042 
32 34 1481 11.6 4 17.8 221 58.9 100.5 50.5 37.9 121 0.3312 3.29E-05 233E-10 0.261085 0.012186 0.026886 0.300158 0.0042 
32 35 1482 11.6 4 17.8 19.8 58.9 1028 50.5 37.9 14.4 0.3388 4.73E-05 7.14E-06 0.261085 0.012186 0.026888 0.300158 0.0042 
32 36 1483 11.6 4 17.8 327 58.9 104.5 50.5 37.9 16.1 0.3444 5.76E-05 8.7E-06 0.261085 0.012186 0.026888 0.300158 0.0042 
32 37 1484 11.6 4 17.8 30 58.9 107.2 50.5 37.9 18.8 0.3533 5.5SE-05 8.39E-06 0.261085 0.012186 0.026888 0.300158 0.0042 
32 38 1485 11.6 4 17.8 26 58.9 111.2 50.5 37.9 228 0.3665 8.23E-05 1.24E-05 0.261085 0.012186 0.026888 0.300158 0.0042 
32 40 1487 11.6 4.3 19.2 19 58.9 120.7 51.9 39 29.8 0.3978 7.20E  ^ 1.09E-05 0.259699 0.010818 0.029641 0.300158 0.0042 
32 41 1488 11.6 4.3 19.2 15.5 58.9 124.2 51.9 39 33.3 0.4094 7.20E-05 1.09E-05 0.259699 0.010818 0.029641 0.300158 0.0042 
32 42 1489 11.6 4.3 19.2 30.2 58.9 128.5 51.9 39 37.6 0.4235 8.23E-05 1.24E-05 0.259699 0.010818 0.029641 0.300158 0.0042 
32 43 1490 11.6 4.3 19.2 26.5 58.9 1322 51.9 39 41.3 0.4357 7.61 E-05 1.15E-05 0.259699 0.010818 0.029641 0.300158 0.0042 
32 44 1491 11.6 4.3 19.2 22.5 58.9 136.2 51.9 39 45.3 0.4489 6.23E-05 1.24E-05 0.259699 0.010818 0.029641 0.300158 0.0042 
32 45 1492 11.6 4.3 19.2 18.5 58.9 140.2 51.9 39 49.3 0.4621 6.23E'05 1.24E-05 0.259699 0.010818 0.029641 0.300158 0.0042 
32 46 1493 11.6 4.3 19.2 30.6 56.9 144.4 51.9 39 53.5 0.4759 9.26E-05 1.4E-05 0.259699 0.010818 0.029641 0.300158 0.0042 
32 47 1494 11.6 4.3 19.2 26.5 58.9 148.5 51.9 39 57.6 0.4895 6.43E-05 1.27E-05 0.259699 0.010818 0.029641 0.300158 0.0042 
32 49 1496 11.6 4.3 19.2 18.3 58.9 156.7 51.9 39 65.8 0.5165 6.43E-05 1.27E^5 0.259699 0.010818 0.029641 0.300158 0.0042 
32 50 1497 11.6 4.3 19.2 31.5 58.9 161.2 51.9 39 70.3 0.5313 6.e4E-05 1.34E-05 0.259699 0.010818 0.029641 0.300158 0.0042 
32 52 1499 11.6 4.3 20.4 23 58.9 1721 53.1 40.2 78.8 0.5672 6.74E-05 1.32E-05 0.258511 0.009326 0.032321 0.300158 0.0042 
32 53 1500 11.6 4.3 20.4 18 58.9 177.1 53.1 40.2 83.8 0.5837 1.03E-04 1.55E-05 0.258511 0.009326 0.032321 0.300158 0.0042 
Stab'sitics Permeability 
AVeraqe Deviation 
H20 3.42E-06 218E-06 
Gasoline 1.33E-05 7.84E-06 
Air 8.38E-05 8.28E-06 
Statistics Intrinsic Permeabilty 
AVeraqe Deviation 
H20 3.4gE-11 2.23E-11 
-nJ 
BORINGB2-3S#1.7'8FT. LATERAL STRESS *14 PS1. GRADIENT "10 I  I  I  I  t  I  I  I  I  I  I  I  
Clock Time Bapsed Influent Effluent Reading s CummuIatVe Totals )j Cu mmulatlve( Til)J Etfluent Perms jlntrlnslc H20 Gasoline lAlr Total %Dev 
Hr. 1 Min. Tlme(mln.; (ml) H2CXml) Gasoline(mO Atrfmll nfluent(rnl •rnuentrmlll H20 Gasoline Air Pore Volumes k, cm/9 |cm2 porosity Porosity Porosity Porosity 
4 19 0 0.7 1 36 0 0 0 0 0 0 0.2659 0 0.2659 -0.02 
4 19.5 0.5 Z8 1.3 36 Z1 0.3 0.3 0 0 0.0015 7.96E-05 6.12E-10 0.263302 0 0.263302 0.2398 
4 20 1 29 1.5 36 Z2 0.5 0.5 0 0 0.0025 1.01E-05 1.03E-10 0.265786 0 0.265786 -0.0086 
4 22 3 3.5 2 36 2.8 1 1 0 0 0.0049 9.29E>06 9.48E-11 0.265525 0 0.265525 0.0175 
4 23 4 3.9 ZA 35.6 3.2 1.4 1.4 0 0 0.0069 1.36E-05 1.39E-10 0.265656 0 0.265656 0.0044 
4 24 5 4.3 2.6 34.8 3.6 1.8 1.8 0 0 O.OOB9 1.37E-06 1.4E-10 0.265656 0 0.265656 0.0044 
4 25 e 4.6 3 34.1 3.9 2 2 0 0 0.0098 8.63E-06 8.81E-11 0.265525 0 0.265525 0.0175 
4 2S 7 4.9 3.3 3.5 33.3 4.2 2.5 Z3 0.2 0 0.0123 1.04E-05 1.06E-10 0.265917 0 0.265917 •0.0217 
4 27 8 5.2 3.5 4 ZZB 4.5 3 Z5 0.5 0 0.0148 8.72E-06 8.9E-11 0.265917 0 0.265917 -0.0217 
4 28 9 5.5 3.9 4.2 32.1 4.8 3.2 Z9 0.3 0 0.0157 1.23E-05 1.25E-10 0.265525 0 0.265525 0.0175 
4 29 10 5.6 4.1 4.5 31.6 5.1 3.5 3.1 0.4 0 0.0172 8.82E-06 9E-11 0.265656 0 0.265656 0.0044 
4 30 11 6.2 4.5 4.8 31.1 5.5 3.6 3.5 0.3 0 0.0187 1.42E-05 1.4SE-10 0.265525 0 0.265525 0.0175 
4 31 12 6.5 4.8 5.1 30.7 5.8 4.1 3.8 0.3 0 0.0202 1.07E-05 1.09E-10 0.265656 0 0.265656 0.0044 
4 32 13 6.7 5.1 5.4 30.2 6 4.4 4.1 0.3 0 0.0217 8.98E-06 9.17E-11 0.265786 0 0.265786 -0.0088 
4 33 14 6.7 5.5 5.7 29.8 6 4.7 4.5 0.2 0 0.0231 7.22E-06 7.37E-11 0.266048 0 0.266048 -0.0348 
4 34 15 6.6 5.8 6.1 29.1 6.1 5.1 4.8 0.3 0 0.0251 7.24E.0e 7.4E-11 0.266046 0 0.266048 •0.0348 
4 35 16 6.9 6.1 6.3 29 6.2 5.3 5.1 0.2 0 0.0261 7.27E  ^ 7.42E-11 0.265788 0 0.265786 •0.0088 
37 16 7 6.6 6.9 28.3 6.3 5.9 5.6 0.3 0 0.0290 5.4BE-06 5.eE-11 0.266309 0 0.266309 -0.0609 
4 39 20 7.2 7.2 7.6 27.4 6.5 6.6 6.2 0.4 0 0.0325 7.36E-06 7.51E-11 0.266309 0 0.266309 •C.0609 
4 41 22 7.3 7.8 8.1 26.6 6.6 7.1 6.6 0.3 0 0.0349 6.49E>06 6.62E-11 0.268179 0 0.266179 •0.0479 
4 43 24 7.5 8.4 8.7 25.9 6.8 7.7 7.4 0.3 0 0.0379 7.47E  ^ 7.63E-11 0.266179 0 0.266179 •0.0479 
4 45 26 7.7 9 9.3 25.2 7 8.3 8 0.3 0 0.0408 7.53E-06 7.69E-11 0.266179 0 0.266179 -0.0479 
4 50 31 8.2 10.5 10.9 23.9 7.5 9.9 9.5 0.4 0 0.0487 7.64E-06 7.8E-11 0.267094 0 0.267094 -0.1394 
4 55 36 7.8 11.9 12.2 21.8 7.1 11.2 10.9 0.3 0 0.0551 3.88E-0e 3.9eE-11 0.267878 0 0.267878 -0.2178 
5 0 41 9.2 13 13.3 20.5 8.5 12.3 12 0.3 0 0.0605 9.88E>06 l.OlE-10 0.265263 0 0.265263 0.0437 
5 5 46 9.7 14.1 14.4 19.2 9 13.4 13.1 0.3 0 0.0659 6.4eE-06 6.6E-11 0.26644 0 0.26644 -0.0740 
5 10 51 10.3 15.3 15.6 17.8 9.6 14.6 14.3 0.3 0 0.0719 7.4E-06 7.5eE-11 0.26644 0 0.26644 -0.0740 
5 15 56 10.9 16.3 16.6 16.9 10.2 15.6 15.3 0.3 0 0.0768 6.71 E-06 6.85E-11 0.266179 0 0.266179 -0.0479 
5 20 61 11.5 17.4 17.7 15.6 10.8 16.7 16.4 0.3 0 0.0822 7.26E-06 7.41E-11 0.266309 0 0.266309 •0.0609 
5 25 66 1Z2 18.3 18.6 35 11.5 17.6 17.3 0.3 0 0.0866 6.97E-0e 7.11E-11 0.264479 0.000523 0.265002 0.0698 
5 30 71 ^Z9 19.4 19.7 33.6 1Z2 18.7 18.4 0.3 0 0.0920 8E-06 8.16E-11 0.263041 0.001438 0.264479 0.1221 
5 35 76 13.5 20.3 20.6 33 12.8 19.6 19.3 0.3 0 0.0965 6.8E-06 6.94E-11 0.261664 0.002223 0.264067 0.1613 
5 40 81 14.1 21.2 21.5 32 13.4 20.5 20.2 0.3 0 0.1009 6.92E  ^ 7.07E-11 0.260686 0.003007 0.263695 0.2005 
5 45 66 14.7 21.9 22.2 31.2 14 21.2 20.9 0.3 0 0.1043 6.11E-06 6.23E-11 0.259773 0.003791 0.263564 0.2136 
6 50 91 15.2 22.6 22.9 30.5 14.5 21.9 21.6 0.3 0 0.1078 5.73E-0e 5.85E-11 0.258857 0.004445 0.263302 0.2398 
5 55 96 15.7 23.2 23.5 29.9 15 22.5 22.2 0.3 0 0.1107 5.33£-0d 5.44E-11 0.256073 0.00S099 0.263172 0.2528 
6 0 101 16 23.8 24.1 29.4 15.3 23.1 2Z8 03 0 0.1137 4.42E-06 4.51E-11 0.257289 0.005491 0.262779 0.2921 
e 5 106 16.4 24.3 24.5 28.8 15.7 23.5 23.3 0.2 0 0.1156 4.47E-0e 4.i)6E.11 0.256635 0.006145 0.262779 0.2921 
e 10 111 16.9 24.8 25.1 28.2 16.2 24.1 23.8 0.3 0 0.1186 5.03E-06 5.14E-11 0.255981 0.006668 0.262649 0.3051 
6 15 116 17.1 25.2 25.5 27.8 16.4 24.5 24.2 0.3 0 0.1206 3.05E-06 3.11E-11 0.255458 0.006929 0.262387 0.3313 
6 20 121 17.4 25.6 25.9 27.5 16.7 24.9 24.6 0.3 0 0.1225 3.S9E-06 3.67E-11 0.254935 0.007321 0.262257 0.3443 
6 25 126 17.7 26 26.2 27.2 17 25.2 25 0.2 0 0.1240 3.63E-06 3.7E-11 0.254412 0.007844 0.262257 0.3443 
6 30 131 16 26.3 26.6 26.9 17.3 25.6 25.3 0.3 0 0.1260 3.14E-06 3.2E-11 0.25402 0.008106 0.262126 0.3574 
6 35 136 18.2 26.7 27 26.5 17.5 26 25.7 0.3 0 0.1280 3.ieE-06 3.23E-11 0.253497 0.008367 0.261864 0.3836 
6 40 141 18.4 27.2 27.5 26.1 17.7 26.5 26.2 0.3 0 0.1304 3.72£-0d 3.8E-11 0.252844 0.008629 0.261472 0.4228 
e 45 146 18.7 27.5 27.8 25.5 18 26.8 26.5 0.3 0 0.1319 3.22E-06 3.29E.11 0.252451 0.009021 0.261472 0.4228 
e 55 156 19 28.1 28.4 25.1 18.3 27.4 27.1 0.3 0 0.1348 2.44E-06 2.49E-11 0.251667 0.009413 0.26108 0.4620 
7 0 161 19.2 28.3 28.6 24.9 16.5 27.6 27.3 0.3 0 0.1358 2.19E-06 2.24E-11 0.251405 0.009674 0.26108 0.4620 
7 5 166 19.4 1.9 2 35.9 18.7 27.7 27.6 0.1 0 0.1363 0.251013 0.010197 0.261211 0.44B9 
7 10 171 19.6 2.4 ze 35.2 18.9 26.3 28.1 0.2 0 0.1393 2.79E-« 2.84 E-11 0.25036 0.010328 0.260688 0.5012 
7 15 176 19.7 2.8 3.1 34.7 19 28.8 28.5 0.3 0 0.1417 2E-06 2.04E-11 0.249637 0.010328 0.260165 0.5535 
7 20 181 19.8 3 3.4 34 19.1 29.1 28.7 0.4 0 0.1432 1.21E-06 1.23E-11 0.249575 0.010328 0.259903 0 5797 
7 30 191 20 3.5 4 33 19.3 29.7 29.2 0.5 0 0.1462 1.63E-06 1.66E.11 0.248921 0.010459 0.25938 0.6320 
7 40 201 20.2 3.9 4.4 3Z6 19.5 30.1 29.6 0.5 0 0.1481 1.23E-06 8.6aE-12 0.248398 0.01072 0259119 0.6581 
7 50 211 20.3 4.2 4.7 32.3 19.6 30.4 29.9 0.5 0 0.1496 8.24E-07 5.82E-12 0.248006 0.010851 0.256857 0.6843 
6 0 221 20.5 4.5 5 32 19.8 30.7 30.2 0.5 0 0.1511 1.03E-06 7.31E.12 0.247614 0.011113 0.258727 0.6973 
<jy 
8 10 231 20.5 4.8 6.1 31.G 19.8 30.8 30.3 0.5 0 0.1516 208E-07 1.47E.12 0.247483 0.011113 0.258596 0.7104 
8 20 241 20.7 4.8 5.3 31.7 20 31 30.5 0.5 0 0.1526 8.33E-07 5.88E-12 0.247222 0.011374 0.258596 0.7104 
6 30 251 20.9 5.1 5.6 31.4 20.2 31.3 30.6 0.5 0 0.1540 1.05E-06 7.39E.12 0.24683 0.011636 0.258465 0.7235 
8 32 253 3.2 6 6.5 30.3 20.9 32.2 31.7 0.5 0 0.1585 0.245653 0.012551 0.258204 0.7496 
8 40 281 5.4 9.3 9.7 27.3 23.1 35.4 35 0.4 0 0.1742 1.22E-05 8.e4E>11 0.241339 0.015558 0.256896 0.8804 
8 42 263 6.3 10.1 10.7 25 24 36.4 35.8 0.6 0 0.1791 1.78E-05 1.26&10 0.240293 0.016473 0.256766 0.8934 
8 44 285 6.7 10.1 10.8 23.9 24.4 36.5 35.8 0.7 0 0.1796 4.75E-06 3.38E-11 0.240293 0.016865 0.257158 0.8542 
8 48 287 7.2 10.1 10.8 23 24.9 36.5 35.8 0.7 0 0.1796 4.7BE-06 3.37E.11 0.240293 0.017519 0.257811 0.7889 
8 43 269 7.8 10.6 11.4 22 25.5 37.1 38.3 0.8 0 0.1826 l.ieE-05 8.17E-11 0.239639 0.018172 0.257811 0.7889 
8 50 271 8.5 2 2.2 38.2 26.2 37 36.8 0.2 0 0.1821 0.238965 0.019872 0.258857 0.6843 
8 52 273 9.2 2.6 3 38.2 26.9 37.8 37.4 0.4 0 0.1860 1.35E-05 0.51E-11 0.238201 0.020526 0.258727 0.6973 
8 54 275 9.9 2.6 3 35.7 27.6 38.2 37.6 0.6 0 0.1880 6.35E-06 4.48E-11 0.23794 0.021179 0.259119 0.6581 
8 58 277 10.5 2.6 3 35.3 28.2 38.5 37.8 0.7 0 0.1895 5.4fiE>0e 3.87E-11 0.237678 0.021833 0.259511 0.6189 
8 58 279 11.1 3.1 3.5 34.6 28.8 38.8 38 0.8 0 0.1909 1.01E  ^ 7.15E-11 0.237417 0.022487 0.259903 0.5797 
9 0 281 11.7 3.4 4.3 33.3 29.4 39.2 38.3 0.9 0 0.1929 1.3E-05 9.22E-11 0.237024 0.02314 0.260165 0.5535 
9 2 283 12.1 3.6 4.9 323 29.8 39.8 38.5 1.3 0 0.1959 9.43E-06 6.66E-11 0.236763 0.02314 0.259903 0.5797 
9 4 285 126 3.6 5.5 31.6 30.3 40.4 38.5 1.9 0 0.1988 1.05E-05 7.41E.11 0.236763 0.02301 0.259773 0.5927 
9 6 287 13.2 3.7 6.2 30.4 30.9 41.1 36.6 25 0 0.2023 1.25E-05 8.88E-11 0.236632 0.02301 0.259642 0.6058 
9 8 289 13.7 3.9 6.6 29.8 31.4 41.7 38.8 29 0 0.2052 1.07E-05 7.59E-11 0.236371 0.02314 0.259511 0.6189 
9 10 291 14.2 4.3 7.5 28.9 31.9 424 39.2 3.2 0 0.2087 1.19E  ^ 8.39E-11 0.235848 0.023402 0.25925 0.6450 
9 12 293 14.7 4.3 8 28.2 324 42.9 39.2 3.7 0 0.2111 1E-05 7.07E-11 0.235848 0.023402 0.25925 0.6450 
9 14 295 15 4.3 8.6 27.4 327 43.S 39.2 4.3 0 0.2141 9.1E-06 e.43E>11 0.235848 0.02301 0.258857 0.6843 
9 18 297 15.3 4.3 8.8 27 33 43.7 39.2 4.5 0 0.2151 5.09E-06 3.6E-11 0.235848 0.02314 0.258988 0.6712 
9 18 299 15.7 4.3 9.2 26.6 33.4 44.1 39.2 4.9 0 0.2170 8.21E-06 5.BE-11 0.235848 0.02314 0.258988 0.6712 
9 20 301 16 4.4 9.8 25.7 33.7 44.7 39.3 5.4 0 0.2200 9.32E-06 6.59E-11 0.235717 0.022879 0.258596 0.7104 
9 22 303 16.4 4.5 10.2 25.2 34.1 45.1 39.4 5.7 0 0.2219 B.ziE-oe 5.91E-11 0.235586 0.02301 0.256596 0.7104 
9 24 305 16.8 4.7 10.4 24.8 34.5 45.3 39.6 5.7 0 0.2229 e.32E-06 4.47E-11 0.235325 0.023532 0.258857 0.6843 
9 26 307 17.1 4.7 10.9 24.2 34.8 45.8 39.6 6.2 0 0.2254 8.5E-06 e£.ii 0.235325 0.023271 0.258596 0.7104 
9 28 309 17.4 4.9 11.4 23.6 35.1 46.3 39.8 6.5 0 0.2279 8.58E-06 6.0e£-11 0.235063 0.023271 0.258334 0.7366 
9 30 311 17.8 5 12 228 35.5 46.9 39.9 7 0 0.2308 1.08E-05 7.65E.11 0.234933 0.02314 0.258073 0.7627 
9 32 313 18 5 12.3 22.4 35.7 47.2 39.9 7.3 0 0.2323 5.48E-06 3.88E-11 0.234933 0.02301 0.257942 0.7758 
9 34 315 18.3 5 12.8 21.8 36 47.7 39.9 7.8 0 0.2347 8.81E-06 e.22E-11 0.234933 0.022748 0.257681 0.8019 
9 38 317 18.7 5 13.5 20.8 36.4 48.4 39.9 8.5 0 0.2382 1.23E  ^ 8.66E-11 0.234933 0.022356 0.257289 0.8411 
9 38 319 19 5 13.8 20.5 36.7 48.7 39.9 8.8 0 0.2397 6.75E-06 4.77E.11 0.234933 0.022356 0.257289 0.8411 
9 40 321 19.2 5 14 20.2 36.9 48.9 39.9 9 0 0.2406 4.53E-06 3.2E-11 0.234933 0.022356 0.257289 0.8411 
9 44 ' 325 19.6 5 14.3 19.5 37.3 49.2 39.9 9.3 0 0.2421 3.9gE-06 282E-11 0.234933 0.022487 0.257419 0.8281 
9 48 327 19.8 5 14.7 19 37.5 49.6 39.9 9.7 0 0.2441 6.8gE.06 4.87E-11 0.234933 0.022225 0.257158 0.8542 
9 50 331 20.2 5.2 15.1 18.6 37.9 50 40.1 9.9 0 0.2461 4.64E-06 3.28E-11 0.234871 0.022487 0.257158 0.8542 
9 55 338 20.7 5.5 15.8 17.5 38.4 50.7 40.4 10.3 0 0.2495 5.63E-06 3.96&11 0.234279 0.022617 0.256896 0.8804 
10 0 341 20.9 5.5 16.1 17 36.6 51 40.4 10.6 0 0.2510 237E  ^ 1.68E-11 0.234279 0.022487 0.256766 0.8934 
10 5 348 3.6 5.5 17.8 34.8 39.2 527 40.4 123 0 0.2594 0.234279 0.021049 0.255327 1.0373 
10 10 351 5 5.5 18.7 33 40.6 53.6 40.4 13.2 0 0.2638 9.24E  ^ 6.53E-11 0.234279 0.021702 0.255981 0.9719 
10 15 358 5.9 5.7 19.9 31.7 41.5 54.6 40.6 14.2 0 0.2897 8.64E-06 6.11E-11 0.234018 0.021571 0.255589 1.0111 
10 20 361 6.8 5.7 20.9 30.6 424 55.8 40.6 15.2 0 0.2746 eE-06 5.e5E-11 0.234018 0.021441 0.255458 1.0242 
10 25 366 7.9 5.7 22 29.5 43.5 56.9 40.6 16.3 0 0.2800 9.48E-06 6.7E-11 0.234018 0.021441 0.255458 1.0242 
10 30 371 8.9 5.7 23 27.4 44.5 57.9 40.6 17.3 0 0.2849 8.83E-06 e.24E-11 0.234018 0.021441 0.255458 1.0242 
10 35 376 10.1 6 23.3 26.3 45.7 58.2 40.9 17.3 0 0.2864 6.76E-0e 4.78E-11 0.233625 0.02301 0.256635 0.9065 
10 40 381 10.9 6.3 24.5 25.1 46.5 59.4 41.2 18.2 0 0.2923 9.21E>06 e.51E-11 0.233233 0.022879 0.256112 0.9588 
10 45 386 11.9 6.3 25.4 24.1 47.5 60.3 41.2 19.1 0 0.2968 e.97E-06 6.34 E-11 0.233233 0.02301 0.256243 0.9457 
10 50 391 1Z4 6.5 26.2 23.4 48 61.1 41.4 19.7 0 0.3007 6.2d£-06 4.43E-11 0.232972 0.022879 0.25585 0.9850 
10 55 396 13.1 6.5 26.9 22.6 48.7 61.8 41.4 20.4 0 0.3041 6.87E-06 4.85E-11 0.232972 0.022879 0.25585 0.9850 
11 0 401 13.5 6.5 27.3 22.2 49.1 622 41.4 20.8 0 0.3061 3.98E-06 281E-11 0.232972 0.022879 0 0.25585 0.9850 
11 10 411 13.9 6.5 28 21.5 49.5 62.9 41.4 21.5 0 0.3095 277E-06 0.232972 0.022487 0.010242 0.2657 0.0000 
11 15 416 13.9 29 3.3 38.1 49.5 63.6 41.3 21.9 0.4 0.3130 0.233102 0.021964 0.010634 0.2657 0.0000 
11 20 421 13.9 3 4.2 36.1 49.5 84.5 41.4 227 0.4 0.3174 e.24E-06 0.232972 0.020918 0.011811 0.2657 0.0000 
11 35 436 13.9 3.2 9.5 31.6 49.5 69 41.6 27.8 4.9 0.3396 1JE-07 0.23271 0.01425 0.01874 0.2657 0.0000 
19 15 896 13.9 3.2 11.5 27.4 49.5 73.2 41.6 29.8 9.1 0.3602 25E^ 0.23271 0.011636 0.021354 0.2657 0.0000 
19 20 901 13.9 3.2 11.5 26.8 49.5 73.8 41.6 29.8 9.7 0.3632 291E-06 0.23271 0.011636 0.021354 0.2657 0.0000 
19 25 906 13.9 3.2 11.5 26.1 49.5 74.5 41.6 29.8 10.4 0.3666 1.67E  ^ 0.23271 0.011636 0.021354 0.2657 0.0000 
-sj 
o> 
19 30 911 13.9 3.2 11.5 25.7 49.5 74.9 41.6 29.8 10.8 0.3666 1.67E-06 0.23271 0.011636 0.021354 0.2657 0.0000 
19 35 916 13.9 3.2 11.7 25.3 49.5 75.3 41.6 30 11.2 0.3706 1.25E-06 0.23271 0.011374 0.021616 0.2657 0.0000 
19 40 921 13.9 3.2 11.9 25 49.5 75.6 41.6 30.2 11.5 0.3720 8.33E^7 0.23271 0.011113 0.021877 0.2657 0.0000 
19 45 926 13.9 3.2 12 24.8 49.5 75.8 41.6 30.3 11.7 0.3730 4.16E-07 0.23271 0.010982 0.022008 0.2657 0.0000 
19 50 931 13.9 3.2 12 24.7 49.5 75.9 41.6 30.3 11.8 0.3735 8.33E-07 0.23271 0.010982 0.022008 0.2657 0.0000 
19 55 936 13.9 3.2 12 24.5 49.5 76.1 41.6 30.3 12 0.3745 0.23271 0.010962 0.022006 0.2657 0.0000 
20 0 941 13.9 3.2 12.1 24.5 49.5 76.1 41.6 30.4 12 0.3745 25E-06 0.23271 0.010851 0.022139 0.2657 0.0000 
20 5 948 13.9 3.2 12.5 23.9 49.5 76.7 41.6 30.8 126 0.3775 1.25E-06 0.23271 0.010328 0.022662 0.2657 0.0000 
20 10 951 13.9 3.2 12.8 35.7 49.5 77 41.6 31.1 129 0.3789 4.10E-O7 0.23271 0.009936 0.023054 0.2657 0.0000 
20 15 956 13.9 3.2 12.8 35.6 49.5 77.1 41.6 31.1 13 0.3794 4.16E-07 0.23271 0.009936 0.023054 0.2657 0.0000 
20 20 961 13.9 3.2 12.9 35.5 49.5 77.2 41.6 31.2 13.1 0.3799 8.33E-07 0.23271 0.009805 0.023185 0.2657 0.0000 
20 25 966 13.9 3.2 13 35.3 49.5 77.4 41.6 31.3 133 0.3809 4.ieE^7 0.23271 0.009674 0.023315 0.2657 0.0000 
20 30 971 13.9 3.2 13 35.2 49.5 77.5 41.6 31.3 13.4 0.3814 4.10E-07 0.23271 0.009674 0.023315 0.2657 0.0000 
20 40 981 13.9 3.2 13 35 49.5 77.7 41.6 31.3 13.6 0.3824 4.16E-07 0.23271 0.009674 0.023315 0.2657 0.0000 
20 50 991 13.9 3.2 13.1 34.8 49.5 77.9 41.6 31.4 13.8 0.3834 2.08E-07 0.23271 0.009544 0.023446 0.2657 0.0000 
21 0 1001 13.9 3.5 13.1 34.7 49.5 78 41.9 31.1 13.9 0.3839 0.232318 0.009936 0.023446 0.2657 0.0000 
21 10 1011 13.9 3.5 13.2 34.7 49.5 78 41.9 31.2 13.9 0.3839 4.10E-O7 0.232318 0.009805 0.023577 0.2657 0.0000 
21 20 1021 13.9 3.7 13.5 34.5 49.5 78.2 4Z1 31.3 14.1 0.3848 6.24E-07 0.232056 0.009674 0.023969 0.2657 0.0000 
21 30 1031 13.9 3.8 13.7 34.2 49.5 78.5 4Z2 31.4 14.4 0.3863 4.16E-07 0.231926 0.009544 0.024231 0.2657 0.0000 
21 40 1041 13.9 3.6 13.8 34 49.5 78.7 4Z2 31.5 14.6 0.3873 1.04E-06 0.231926 0.009413 0.024361 0.2657 0.0000 
21 50 1051 13.9 3.9 14 33.5 49.5 79.2 423 31.6 15.1 0.3898 e.24E^7 0.231795 0.009282 0.024623 0.2657 0.0000 
22 0 1061 13.9 3.9 14 33.2 49.5 79.5 423 31.6 15.4 0.3912 6.24E-07 0.231795 0.009282 0.024623 0.2657 0.0000 
22 10 1071 13.9 4 14.2 32.9 49.5 79.8 424 31.7 15.7 0.3927 8.33E^7 0.231664 0.009152 0.024884 02657 0.0000 
22 20 1081 13.9 4.1 14.3 32.5 49.5 80.2 425 31.7 16.1 0.3947 0.231534 0.009152 0.025015 0.2657 0.0000 
perms avg 
h2o 7.6E-06 7.32E-11 
Qas 7.97E  ^ 5.73E-11 
air 1.15E-06 
stddev 
h20 9.77E-06 9.89E-11 
flas Z68E-06 1.B1E-11 
air 1.27E  ^ -vl 
BORINO Ba-aaw. 7-8 PT. LATERAL STRESS B14 P3I.0RADIENT» 10 I I I I I I I I f 
Clock Time Bapsed Influent Effluent Readlnqs ICummulative Totals 1 Cumnriulatfvei ml)J Effluent Perms [intrinsic IWator Gasoline Air Total Porosity 
Hr. 1 Min. nme(mm.; (ml) H20(ml)_ 3asotjne[m] [ Atr(ml) 1 lnfluent(mlj Effluent(ml) 1 H20 1 Gasoline Air Pore Volumes k. cm/s |cm*2 [porosity Porosity Porosity Porosity Deviation 
5 22 0 0.4 0.3 0 0 0 0 0 0 0.26672 0 0 0.26672 BE-05 
5 22.3 0.25 Z9 0.7 2.5 0.4 0.4 0 0 0.0017 0.264319 0 0 0.264319 0.002481 
5 22.5 0.5 3.4 0.9 3 0.6 0.6 0 0 0.0026 5.39E  ^ 5.50E.10 0.266377 0 0 0.266377 0.000423 
5 23 1 3.8 1.1 3.4 0.8 0.8 0 0 0.0034 Z32E-05 2.37E-10 0.266491 0 0 0.266491 0.000309 
5 24 2 3.9 1.5 3.5 1.2 1.2 0 0 0.0051 9.73E-06 9.94E.11 0.267063 0 0 0.267063 •0.00026 
5 25 3 4.5 2 4.1 1.7 1.7 0 0 0.0073 2.16E-0S 220E.10 0.266606 0 0 0.266606 0.000194 
5 26 4 4.9 2.6 4.5 2.3 23 0 0 0.0099 1.98E>05 2.02E-10 0.266949 0 0 0.266949 -0.00015 
5 27 5 5.4 3.2 5 2.9 2.9 0 0 0.0124 2.2E  ^ 225E-10 0.266834 0 0 0.266834 -3.4E-05 
5 23 6 5.8 3.8 5.4 3.5 3.5 0 0 0.0150 2.02E-05 206E-10 0.266949 0 0 0.266949 •0.00015 
5 29 7 6 4.8 5.6 4.5 4.5 0 0 0.0193 2.45E-05 250E.10 0.267635 0 0 0.267635 •0.00083 
5 30 8 6.3 5 5.9 4.7 4.7 0 0 0.0201 1.03E  ^ 1.05E-10 0.266606 0 0 0.266606 0.000194 
5 31 9 6.6 5.7 6.2 5.4 5.4 0 0 0.0231 2.07E  ^ Z12E-10 0.267177 0 0 0.267177 •0.00038 
5 32 10 6.9 6.2 6.5 5.9 5.9 0 0 0.0253 1.67E  ^ 1.71 E-10 0.266949 0 0 0.266949 •0.00015 
5 33 11 7.4 6.9 7 6.6 6.6 0 0 0.0283 253E-05 259E-10 0.266949 0 0 0.266949 •0.00015 
5 34 12 7.8 7.4 7.4 7.1 7.1 0 0 0.0304 1.92E-05 1.96E-10 0.266634 0 0 0.266834 -3.4E.05 
5 35 13 6.2 7.9 7.8 7.6 7.6 0 0 0.0326 1.94E-05 1.98E-10 0.266834 0 0 0.266834 .34E^05 
5 38 14 8.5 8.4 8.1 8.1 8.1 0 0 0.0347 1.74E  ^ 1.77E.10 0.266949 0 0 0.266949 •0.00015 
5 37 15 8.7 8.9 8.3 8.6 8.6 0 0 0.0369 1.53E-05 1.56E-10 0.267063 0 0 0.267063 -0.00026 
5 38 16 8.7 9.4 8.3 9.1 9.1 0 0 0.0390 1.1E-05 1.12E-10 0.267292 0 0 0.267292 •0.00049 
5 39 17 8.8 9.9 8.4 9.6 9.6 0 0 0.0411 1.33E-05 1.36E-10 0.267177 0 0 0.267177 -0.00036 
5 40 18 8.9 10.4 8.5 10.1 10.1 0 0 0.0433 1.34E-05 1.36E-10 0.267177 0 0 0.267177 -0.00038 
5 41 19 9 10.8 8.6 10.5 10.5 0 0 0.0450 1.12E-05 1.14E-10 0.267063 0 0 0.267063 •0.00026 
5 42 20 9 11.4 8.6 11.1 11.1 0 0 0.0476 1.35E-05 1.38E-10 0.267406 0 0 0.267406 •0.00061 
5 43 21 9.1 11.9 8.7 11.6 11.6 0 0 0.0497 1.36E  ^ 1.39E-10 0.267177 0 0 0.267177 •0.00036 
5 44 22 9.1 12.1 8.7 11.8 11.8 0 0 0.0506 4.55E-06 4.65E-11 0.266949 0 0 0.266949 •0.00015 
5 45 23 9.2 124 8.8 12.1 121 0 0 0.0519 9.13E-06 9.33E-11 0.266949 0 0 0.266949 •0.00015 
5 48 24 9.3 13 8.9 1Z7 12.7 0 0 0.0544 1.61 E-05 1.64E.10 0.267292 0 0 0.267292 •0.00049 
5 47 25 9.3 13.4 6.9 13.1 13.1 0 0 0.0562 9.24E-06 9.44E.11 0.267177 0 0 0.267177 •0.00038 
5 48 26 9.4 13.8 9 13.5 135 0 0 0.0579 1.16E-05 1.19E-10 0.267063 0 0 0.267063 -0.00026 
5 49 27 9.5 14 9.1 13.7 13.7 0 0 0.0587 7E  ^ 7.14E-11 0.268834 0 0 0.266834 -3.4E435 
5 50 28 9.6 14.6 9.2 14.3 14.3 0 0 0.0613 1.64E-05 1.68E-10 0.267292 0 0 0.267292 •0.00049 
S 55 33 9.8 14.8 9.4 14.5 14.5 0 0 0.0622 1.89E-06 1.93E-11 0.26672 0 0 0.26672 eE^05 
6 0 38 10 16 9.6 15.7 15.7 0 0 0.0673 6.67E-06 6.81 E-11 0.267863 0 0 0.267863 •0.00106 
6 5 43 10.4 16.9 10 16.6 16.6 0 0 0.0712 6.29E-06 6.42E-11 0.267292 0 0 0.267292 -0.00049 
6 10 48 10.8 18 10.4 17.7 17.7 0 0 0.0769 7.37E  ^ 7.53E-11 0.26752 0 0 0.26752 •0.00072 
6 15 53 11.2 18.9 10.8 18.6 18.6 0 0 0.0797 6.49E-06 6.63E-11 0.267292 0 0 0.267292 -0.00049 
6 20 58 11.4 20 11 19.7 19.7 0 0 0.0844 6.S9E-06 6.73E-11 0.267749 0 0 0.267749 •0.00095 
6 25 63 11.5 20.5 11.1 20.2 20.2 0 0 0.0866 3.08E-06 3.14E-11 0.267177 0 0 0.267177 -0.00038 
6 30 68 11.7 21 11.3 20.7 20.7 0 0 0.0887 3.62E-06 3.70E-11 0.267063 0 0 0.267063 -0.00026 
6 45 83 12.2 21.4 11.8 21.1 21.1 0 0 0.0904 1.57E-06 1.60E-11 0.262833 0 0 0.262833 0.003967 
7 30 128 15.5 22.4 15.1 22.1 22.1 0 0 0.0947 258E  ^ 0.25483 0 0 0.25483 0.01197 
7 35 133 16.9 325 16.5 322 32.2 0 0 0.1380 6.9E-05 7.04E.10 0.243283 0 0 0.243283 0.023517 
7 45 143 22.1 3.8 21.7 328 328 0 0 0.1406 0.242597 0.005945 0 0.248542 0.016258 
7 48 146 3.3 4.4 24.9 33.4 33.4 0 0 0.1432 0.241912 0.009603 0 0.251515 0.015285 
7 53 151 9.45 4.4 31.05 33.4 33.4 0 0 0.1432 252E-05 ZS8E-10 0.241912 0.016634 0 0.258546 0.008254 
8 10 168 13.1 5.1 7.1 34.7 36.1 34.1 2 0 0.1547 0.241111 0.018521 0 0.259632 0.007168 
6 13 171 16 5 12 37.6 41 34 7 0 0.1757 178E-04 1.26E-09 0.241226 0.01612 0 0.257345 0.009455 
8 15 173 17.1 5.2 126 38.7 41.6 34.2 7.4 0 0.1783 2.28E-04 1.61 E  ^ 0.240997 0.01692 0 0.257917 0.008883 
8 16 174 18 5.4 13.9 39.6 42.9 34.4 6.5 0 0.1839 2e2E-04 1.99E-09 0.240768 0.016691 0 0.25746 0.00934 
6 17 175 18.65 5.4 14.3 40.25 43.3 34.4 8.9 0 0.1856 1.25E  ^ 8.84E-10 0.240768 0.016977 0 0.257746 0.009054 
8 18 176 19.5 5.4 15.3 41.1 44.3 34.4 9.9 0 0.1699 1.32E  ^ 9.31 E-10 0.240768 0.016806 0 0.257574 0.009226 
6 20 178 21.3 5.4 15.3 42.9 44.3 34.4 9.9 0 0.1899 6.22E  ^ 4.39E-10 0.240768 0.018864 0 0.259632 0.007168 
8 22 1B0 22.4 5.4 16.7 44 45.7 34.4 11.3 0 0.1959 8.32E-05 s.eeE-io 0.240768 0.018521 0 0.259289 0.007511 
8 25 183 23.9 5.4 17.3 45.5 46.3 34.4 11.9 0 0.1985 5.92E-05 4.16E-10 0.240768 0.01955 0 0.260318 0.006482 
8 26 184 48 5.6 189 48.3 47.9 34.6 13.3 0 0.2053 0.24054 0.02115 0 0.26169 0.00511 
8 27 185 5.9 5.6 20.3 49.4 49.3 34.6 14.7 0 02113 0.24054 0.020807 0 0.261347 0.005453 
6 26 186 6.9 6 20.8 50.4 49.8 35 14.8 0 0.2135 1 0.240082 0.021836 0 0.261918 0 004682 
8 29 187 8.2 6 21.7 51.7 50.7 35 15.7 0 0.2173 1.50E-04 1.06E-09 0.240082 0.022293 0 0.262376 0.004424 
8 30 188 8.9 6 22.7 52.4 51.7 35 16.7 0 0.2216 1.34E-04 9.47E-10 0.02195 0 0.262033 0.004767 
6 31 189 9.9 6 23.9 53.4 52.9 35 17.9 0 0.2267 1.55E  ^ 1.09E-09 0.021722 0 0.261804 0.004996 
8 32 190 10.9 6 25 54.4 54 35 19 0 0.2315 1.56E.04 1.1E-09 0.021607 0 0.26169 0.005111 
8 33 191 11.6 6 25.9 55.1 54.9 35 19.9 0 0.2353 1.57E-04 1.11E-09 0.021379 0 0.261461 
8 34 192 1Z8 6.5 27 56.1 56 35.5 20.5 0 0.2400 1.58E-04 1.12E-09 0.239511 0.021836 0 0.261347 
8 38 194 14.75 6.5 29.4 58.25 58.4 35.5 22.9 0 0.2503 1.18E-04 8.31E-10 0.239511 0.02155 0 0.261061 
8 37 195 15.7 6.6 30.4 59.2 59.4 35.6 23.8 0 0.2546 251E-04 1.77E  ^ 0.239396 0.021607 0 0.261004 
8 38 196 16.5 6.7 31.2 60 60.2 35.7 24.5 0 0.2560 243E-04 1.71 E.09 0.239282 0.021722 0 0.261004 
8 39 197 17.2 6.7 31.9 60.7 60.9 35.7 25.2 0 0.2610 1.55E-04 I.OgE-09 0.239282 0.021722 0 0.261004 
8 40 198 17.9 6.7 328 61.4 61.8 35.7 28.1 0 0.2649 1.48E-04 1.04E-09 0.239282 0.021493 0 0.260775 
8 41 199 18.7 6.7 33.8 6Z2 62.8 35.7 27.1 0 0.2692 1.56E-04 1.12E-09 0.021264 0 0.260546 
8 42 200 19.3 6.7 34.4 62.8 63.4 35.7 27.7 0 0.2716 1.54E-04 1.09E-09 0.021264 0 0.260546 
8 43 201 19.9 6.7 35 63.4 64 35.7 28.3 0 0.2743 1.44E-04 1.02E-09 0.239282 0.021264 0 0.260546 
8 44 202 20.6 6.7 35.7 64.1 64.7 35.7 29 0 0.2773 1.34E-04 9.46E.10 0.239282 0.021264 0 0.260546 
8 45 203 21.2 6.7 36.5 64.7 65.5 35.7 29.8 0 0.2808 1.44E-04 1.02E'09 0.239282 0.021036 0 0.260318 
8 48 204 21.8 6.7 36.9 65.1 65.9 35.7 30.2 0 0.2825 1.32E-04 9.31 E-10 0.021036 0 0.260316 
21 25 963 4.8 37.5 65.1 66.7 36 30.2 0.5 0.2859 0.021036 0.2666 0 
21 26 964 5 6.8 37.4 65.1 68.5 36.2 31.7 0.6 0.2936 286E-05 0.23871 0.019321 0.2668 0 
21 27 965 5 7.1 36.3 65.1 69.9 36.2 32 1.7 0.2996 8.23E-06 0.23871 0.018976 0.2668 0 
21 29 967 5 7.2 35.6 65.1 70.7 36.2 321 24 0.3030 6.66E-07 0.23871 0.018864 0.2668 5.55E-17 
21 35 973 5 7.3 35.5 65.1 70.9 36.2 322 25 0.3039 3.2gE-06 0.23871 0.018749 0.2666 0 
21 40 978 5 7.6 35 65.1 71.7 36.2 325 3 0.3073 8.23E-07 0.23871 0.018406 0.2668 0 
21 45 983 5.1 7.7 34.9 65.1 71.9 36.3 325 3.1 0.3082 1.65E  ^ 0.018406 0.2668 0 
21 55 993 5.1 8.2 34.6 65.1 72.7 36.3 33 3.4 0.3116 1.37E  ^ 0.017835 0.2668 0 
22 10 1008 5.1 8.7 34.1 65.1 73.7 36.3 33.5 3.9 0.3159 1.03E>06 0.017263 0.2668 0 
22 30 1026 5.1 9.1 33.5 65.1 74.7 38.3 33.9 4.5 0.3202 9.6E>07 0.016806 0.2668 0 
22 45 1043 5.1 9.4 33.1 65.1 75.4 36.3 34.2 4.9 0.3232 2E-06 0.016463 0.011741 0.2668 0 
23 24 1082 5.1 11.3 31.2 65.1 79.2 36.3 36.1 6.8 0.3395 7.84E-07 0.014291 0.013913 0.2666 0 
23 45 1103 5.1 11.7 30.6 65.1 80 36.3 36.5 7.2 0.3429 1.37E^7 0.238596 0.013833 0.014371 0.2668 0 
24 0 1118 5.1 11.8 30.8 65.1 80.1 36.3 36.6 7.2 0.3433 3.74E.06 0.013719 0.014465 0.2668 0 
24 11 1129 5.1 ^^5 29.5 65.1 821 36.3 37.3 8.5 0.3519 7.4E  ^ 0.012919 0.015265 0.2668 0 
24 12 1130 5.1 14.2 27.6 65.1 85.7 36.3 39 10.4 0.3673 206E-06 0.238596 0.010975 0.017229 0.2668 0 
24 15 1133 5.1 14.3 27.4 65.1 86 36.3 39.1 10.6 0.3686 1.65E-06 0.010861 0.017343 0.2668 0 
24 20 1138 5.1 14.5 27.2 65.1 86.4 36.3 39.3 10.8 0.3703 4.11E  ^ 0.010632 0.017572 0.2668 0 
24 25 1143 5.1 14.6 27.2 65.1 86.5 36.3 39.4 10.8 0.3708 4.36E  ^ 0.010518 0.017666 0.2668 0 
24 30 1148 5.1 18 20 65.1 97.1 36.3 428 18 0.4162 6.17E-05 0.006631 0.021573 0.2668 0 
24 31 1149 5.1 18 17 65.1 100.1 36.3 428 21 0.4291 6.17E-05 0.006631 0.021573 0.2668 0 
24 32 1150 5.1 18 33 65.1 103.1 36.3 428 24 0.4419 1.65E-04 0.006631 0.021573 0.2668 0 
24 323 1150.25 5.1 18 31 65.1 105.1 36.3 428 26 0.4505 247E-04 0.006631 0.021573 0.2668 0 
24 325 1150.5 5.1 18 28 65.1 108.1 36.3 428 29 0.4634 1.65E-04 0.006631 0.021573 0.2668 0 
24 328 1150.75 5.1 18 26 65.1 110.1 36.3 428 31 0.4719 206E-04 0.006631 0.021573 0.2668 0 
24 33 1151 5.1 18 23.5 65.1 112.6 38.3 428 33.5 0.4626 206E>04 0.006631 0.021573 0.2668 0 
24 33.3 1151.25 5.1 18 21 65.1 115.1 36.3 428 36 0.4934 247E4)4 0.006631 0.021573 0.2668 0 
24 33.5 1151.5 5.1 18 18 65.1 118.1 36.3 428 39 0.5062 1.65E.04 0.006631 0.021573 0.2668 0 
24 33.8 1151.75 5.1 18 16 65.1 120.1 36.3 428 41 0.5148 1.97E-04 0.006631 0.021573 0.2668 0 
24 34 1152 5.1 18 13.6 65.1 1225 38.3 428 43.4 0.5251 0.006631 0.021573 0.2668 0 
perm intrin 
averac e perm h2o 1.69E-05: 1.72E.10 1 
pergas 1.44E  ^ 1.08E-09 1 
perm air 2.00E-04 
Ideviation I h20 6.95E-06 9.14E-11 
• aas 6.21 E-05 3.71 E-1D 
tIJ LlJ air 3.43E  ^ 1 1 
BORINO B4-3 8«Z. 7-8 FT. LATERAL STRESS o 14 PSt, GRADIENT *10 I 1 1 1 < 1 1 
Clock Hme Elapsed influent Effluent Readings Cummulative Totals Cu mmulativei ml)l [Effluent [Perms Intrinsic Water Gasoline Air Total Porosity 
Hr. 1 Min. nme(mln.; (ml) H20Cml) 3asoline(mi 1 Air(ml) Influent(ml) EffluenUmI) H20 1 Gasoline 1 Air IPore Volumes Ik, cnVs cm''2 Porosity Porosis Porosity Porosity Deviation 
10 9 0 1.2 0.1 0 0 0 0 0 0 0.280161 0 0 0.280161 -0.01336 
10 9.5 0.5 2.4 0.1 1.2 0 0 0 0 0.0000 0.27849 0 0 0.27849 -0.01169 
10 10 1 Z4 0.2 1.2 0.1 0.1 0 0 0.0004 0.280078 0 0 0.280078 -0.01328 
10 22 13 25 0.5 1.3 0.4 0.4 0 0 0.0017 3.15E-05 3.21E-10 0.2802 0 0 0.2802 -0.0134 
10 57 48 3.1 0.9 1.9 0.6 0.8 0 0 0.0035 2.99E-05 3.05E-10 0.279712 0 0 0.279712 -0.01291 
11 30 61 4.1 0.7 2.9 1.5 1.5 0 0 0.0065 255E-05 261E-10 0.27959 0 0 0.27959 -0.01279 
11 47 98 4.7 1.3 3.5 21 21 0 0 0.0091 7.51 E  ^ 7.66E-10 0.279956 0 0 0.279956 -0.01316 
12 10 121 4.8 2.2 3.6 3 3 0 0 0.0130 4.67E  ^ 4.77E-10 0.280933 0 0 0.280933 •0.01413 
12 35 146 5 3.1 3.6 3.9 3.9 0 0 0.0170 4.77E^5 4.876-10 0.280811 0 0 0.280811 -0.01401 
13 IS 189 4.9 4.8 3.7 5.6 5.6 0 0 0.0244 4.09E-05 4.17E-10 0.282155 0 0 0.282155 -0.01535 
13 49 220 5.4 5.9 4.2 6.7 6.7 0 0 0.0291 5.76E-05 5.88E>10 0.280689 0 0 0.280689 -001389 
14 30 261 6.2 7.3 5 8.1 8.1 0 0 0.0352 6.09E-05 6.22E-10 0.280689 0 0 0.280689 -0.01389 
15 36 327 7.4 9.4 6.2 10.2 10.2 0 0 0.0444 5.83E-05 5.96E-10 0.281055 0 0 0.281055 -0.01426 
15 47 338 7.7 9.7 6.5 10.5 10.5 0 0 0.0457 e.4gE-05 6.63E.10 0.279956 0 0 0.279956 .0.01316 
16 50 401 9.1 11.7 7.9 125 125 0 0 0.0544 6.56E-05 6.6gE-10 0.280689 0 0 0.280689 -0.01389 
17 28 439 9.9 129 8.7 13.7 13.7 0 0 0.0596 6.56E-05 6.72E-10 0.280445 0 0 0.280445 -0.01364 
17 50 461 10.4 13.6 9.2 14.4 14.4 0 0 0.0626 694E-05 7.08E-10 0.2802 0 0 0.2802 -0.0134 
18 21 492 11 14.5 9.8 15.3 15.3 0 0 0.0666 6.24E-05 8.38E-10 0.279061 0 0 0.279061 -0.01226 
10 25 556 13.8 22 126 17.5 17.5 0 0 0.0761 0.276372 0 0 0.276372 -0.00957 
19 49 580 14.2 3.2 13 18.5 18.5 0 0 0.0605 6.91 E-05 7.06E-10 0.27515 0 0 0.27515 -0.00835 
20 37 628 14.6 4.5 13.4 19.8 19.8 0 0 0.0861 4.26E-05 4.35E-10 0.273561 0 0 0.273561 -0.00676 
21 12 663 Z6 5.7 14.4 21 21 0 0 0.0913 0.272094 0 0 0.272094 -0.00529 
22 20 731 A.7 6.5 16.5 21.6 21.8 0 0 0.0948 4.72E-05 4.82E-10 0.271116 0 0 0.271116 -0.00432 
22 20 731 6.4 6.5 18.2 21.8 21.8 0 0 0.0948 0.271116 0 0 0.271116 -0.00432 
25 30 921 10.1 7.7 21.9 23 23 0 0 0.1000 3.02E^5 213E-10 0.269649 0.0011 0 0.270749 -0.00395 
27 30 1041 13.2 9.6 25 24.9 24.9 0 0 0.1083 5.13E-05 3.62E-10 0.267327 0.004889 0 0.272216 -0.00542 
29 30 1161 16.2 11.9 28 27.2 27.2 0 0 0.1183 5.75E-05 4.06E-10 0.264515 0.008556 0 0.273072 -0.00627 
31 25 1276 3.8 3.3 31.8 30.5 30.5 0 0 0.1327 0.260482 0.013201 0 0.273663 -0.00688 
32 38 1349 4.1 4.8 321 32 32 0 0 0.1392 2.69E-05 1.9E-10 0.258648 0.013568 0 a272216 -0.00542 
33 0 1371 4.1 5 321 32.2 322 0 0 0.1401 9.99E-06 7.06 E-11 0.258404 0.013568 0 a271972 -0.00517 
33 25 1396 4.5 5.3 32.S 32.5 32.5 0 0 0.1414 3.09E  ^ 21BE.10 0.258037 0.014057 0 0.272094 •0.00529 
34 15 1446 5 6 33 33.2 33.2 0 0 0.1444 267E  ^ 1.89E-10 0.257181 0.014668 0 a271849 -0.00505 
35 30 1521 5 7 33 34.2 34.2 0 0 0.1488 1.50E^5 1.06E-10 0.255959 0.014668 0 0.270627 -0.00383 
35 50 1541 5 7.1 33 34.3 34.3 0 0 0.1492 5.66E'06 4E-11 0.255837 0.014668 0 0.270505 -0.0037 
3d 37 1588 6 3.1 34 37.4 37.4 0 0 0.1627 0.252047 0.01589 0 0.267938 -0.00114 
38 37 1708 68 6.9 34.8 41.2 41.2 0 0 0.1792 4.31 E-05 3.05E-10 0.247403 0.016868 0 0.264271 0002529 
40 9 1800 6.8 6.9 34.8 41.2 41.2 0 0 0.1792 0.247403 0.016868 0 0.264271 0.002529 
40 10 1801 8.1 6.9 36.1 41.2 41.2 0 0 0.1792 0.247403 0.018457 0 0.26586 0.00094 
41 35 1886 12.1 29 3.2 40.1 44.1 44.1 0 0 0.1918 1.5gE-06 1.13E-11 0.243858 0.023347 0 0.267204 -0.0004 
41 39 1890 1.4 26 3.3 40.2 44.2 43.6 0.4 0 0.1923 0.244224 0.02298 0 0.267204 -0.0004 
42 40 1951 Z1 25 4.8 40.9 45.7 43.7 2 0 0.1988 0.244347 0.02188 0 0.266227 0.000573 
44 0 2031 2.7 25 4.8 41.5 45.7 43.7 2 0 0.1988 0.244347 0.022613 0 0.26696 -0.00016 
45 55 2146 3.3 25 4.8 421 45 43 2 0 0.1957 0.245202 0.023347 0 0.268549 -0.00175 
45 57 2148 5.8 23 4.6 47.8 44.8 426 2 0 0.1949 211 E-05 1.49E.10 0.245447 0.030314 0 0275761 •0.00896 
48 30 2301 10.1 2.6 10.6 521 50.8 43.3 7.5 0 0.2210 1.32E-06 9.29E-12 0.244836 0.028847 0 0.273683 -0.00688 
50 30 2421 7.7 0.7 9 58.6 56.2 43.5 127 0 0.2445 0.244591 0.030436 0 0.275028 •0.00823 
52 37 2548 7.5 0.7 10.1 59.5 57.3 43.5 13.8 0 0.2492 0.244591 0.030192 0 0274783 -0.00798 
55 37 2728 8 0.7 10.4 60 57.6 43.5 14.1 0 0.2505 0.244591 0.030436 0 0.275028 -0.00823 
57 17 2828 11.2 0.7 13.6 63.2 60.8 43.5 17.3 0 0.2645 1.33E-06 9.4E.12 0.244591 0.030436 0 0.275028 •0.00823 
57 40 2851 13.4 0.7 14.1 65.4 61.3 43.5 17.8 0 0.2666 256E-06 1.81 E-11 0.244591 0.032514 0 0,277105 -0.01031 
58 19 2890 13.8 0.7 14.8 65.8 62 43.5 18.5 0 0.2697 6.30E-07 4.45E-12 0.244591 0.032148 0 0276739 -0.00994 
58 40 2911 15.9 0.7 16 67.9 63.2 43.5 19.7 0 0.2749 3.60E-06 2.54E.11 0.244591 0.033248 0 0.277839 -0.01104 
59 4 2935 16.8 0.7 17 68.8 64.2 43.5 20.7 0 0.2793 1.87E-06 1.326-11 0.244591 0.033126 0 0.277717 •0.01092 
59 18 2949 17.3 0.7 17.3 69.3 64.5 43.5 21 0 0.2806 1.37E-06 0.244591 0.03337 0 0.277981 -0.01116 
00 
o 
61 18 3069 7.4 0.7 20.7 73.7 67.9 43.5 24.4 0 0.2953 0.244591 0034S92 0 0279183 •0.01238 
62 46 3157 10.4 7.3 76.7 70.8 43.8 27 0 0.3080 0.244224 0035061 0 0279306 •0.01251 
63 17 3188 10.9 1 7.9 77.2 71.4 43.6 27.6 0 0.3106 7.12E-07 5.03E-12 0.244224 0.034959 0 0.279163 •0.01238 
63 53 3224 11.1 8.4 77.4 71.9 43.8 28.1 0 0.3127 3.94E-07 278E-12 0.244224 0.034592 0 0278817 •0.01202 
64 20 3251 11.4 1 8.7 77.7 72.2 43.8 28.4 0 0.3140 4.53E-07 3.2E-12 0.244224 0.034592 0 0278817 •0.01202 
65 55 3346 11.9 1 9.7 78.2 73.2 43.8 29.4 0 0.3184 3.26E^7 23E.12 0244224 0.033961 0 0.278206 -0.01141 
73 55 3826 5.8 1 13.5 83.2 77 43.8 33.2 0 0.3349 0244224 0.035448 0 0.279672 -0.01287 
78 12 4083 9 1 17 86.4 80.5 43.8 36.7 0 0.3502 5.48E-07 3.87E.12 0.244224 0.035081 0 0.279306 -0.01251 
90 35 4826 9 0.5 1.8 86.4 80.6 43.9 36.7 0 0.3506 0244102 0.035061 0 0.279183 -0.01238 
97 46 5259 9 0.4 1.8 86.4 80.6 43.8 36.8 0 0.3506 0.244224 0.034959 0 0.279183 •0.01238 
100 15 5406 9 0.4 1.7 86.4 80.5 43.8 36.7 0.3502 0244224 0.035081 0 0.279306 -0.01251 
87 16 4627 9 0.5 21 86.4 80.9 43.9 37 0.3519 0.244102 0.034715 0 0.278817 -0.01202 
87 20 4631 9 0.4 2.6 86.4 81.4 43.6 37.6 0.3541 2.34E-06 1.65E-11 0.244224 0033981 0 0.278206 •0.01141 
87 26 4637 9 0.4 2.9 86.4 81.7 43.6 37.9 0.3554 9.40E^7 6.64E-12 0.244224 0.033614 0.277839 -0.01104 
87 32 4643 9 0.4 3 86.4 81.8 43.8 38 0.3558 3.14E-07 222E-12 0244224 0.033492 0.277717 •0.01092 
87 35 4646 9 0.4 3 86.4 81.8 43.8 38 0.3558 0.244224 0.033492 0.277717 •0.01092 
87 42 4653 B 0.4 3 86.4 81.6 43.8 36 0.3558 0.244224 0.033492 0.277717 •0.01092 
87 47 4658 9 0.4 3 86.4 81.8 43.8 38 0.3558 0.244224 0.033492 0.277717 •0.01092 
87 52 4663 9 0.4 4 86.4 828 43.8 39 0.3602 3.79E^6 268E-11 0244224 0.03227 0276494 -0.00969 
88 0 4871 9 0.4 4.3 27.8 86.4 83.1 43.8 39.3 0 0.3615 7.15E-07 5.05E-12 0.244224 0.031903 0.276128 •0.00933 
88 30 4701 9 0.4 5.1 26.8 86.4 83.9 43.8 40.1 0.3649 6.11E-07 3.61E-12 0.244224 0030925 0.27515 -0.00835 
88 35 4706 9 0.4 5.9 26.2 86.4 84.7 43.8 40.9 0.3684 3.0gE-06 0.244224 0.029947 0.005928 02801 •0.0133 
88 39 4710 9 1 7.1 25.9 86.4 85.9 44.4 41.5 0.3736 5.65E  ^ 0.243491 0029214 0.007395 0.2801 •0.0133 
88 47 4718 9 1.2 8.3 25.9 86.4 87.1 44.6 42.5 0,3789 2.96E'06 0.243247 0.027992 0.008862 0.2801 •0.0133 
69 0 4731 9 1.2 10.2 24.6 66.4 89 44.6 44.4 0.3871 293E-06 0243247 0.025669 0.011184 02801 •0.0133 
89 5 4736 9 1.2 12 22.3 86.4 90.8 44.6 46.2 0.3950 7.37E  ^ 0.243247 0.023469 0.013384 02801 •0.0133 
89 18 4749 9 1.2 17 19.7 86.4 95.8 44.6 51.2 0.4167 8.16E-06 0.243247 0.017357 0019496 02801 -00133 
89 30 4761 9 1.2 23 17.4 86.4 101.8 44.6 57.2 0.4428 1.13E^5 0243247 0.010023 0.02683 02801 •00133 
90 0 4791 9 1.2 23 30.6 86.4 101.8 44.6 57.2 0 0.4428 1.54E-05 0243247 0.010023 0.02683 0.2801 •0.0133 
90 55 4846 9 2.7 23 0 86.4 134.1 46.1 55.7 323 0.5833 226E-05 0241413 0.011857 0.02663 0.2801 -0.0133 
91 8 4859 9 2.7 23 24.3 86.4 148.8 46.1 55.7 47 0.6472 221E-05 0.241413 0.011857 0.02683 0.2801 -0.0133 
91 17 4868 9 2.7 23 14.7 86.4 158.4 46.1 55.7 56.6 0.6890 248E>05 0.241413 0.011857 0.02683 0.2801 -0.0133 
91 18 4869 9 2.7 23 13 86.4 160.1 46.1 55.7 58.3 0.6964 256E  ^ 0241413 0011857 0.02683 0.2801 •00133 
91 21 4872 9 Z7 23 10.8 86.4 1625 46.1 55.7 60.7 0.7068 277E-05 0.241413 0011857 0.02683 0.2601 -0.0133 
91 25 4876 9 2.7 23 33 86.4 167 46.1 55.7 65.2 0.7264 2.66E-05 0.241413 0.011857 002683 0.2801 -0.0133 
91 30 4881 9 2.7 23 26 86.4 174 46.1 55.7 722 0.7569 0.241413 0.011857 002683 02801 •0.0133 
91 42 4893 9 2.7 23 10.1 66.4 169.9 46.1 55.7 88.1 0.8260 0241413 0.011857 002683 02801 •0.0133 
91 44 4695 9 21 23 35.1 86.4 193.4 46.1 55.7 91.6 0.8412 0241413 0.011857 0.02683 02601 -0.0133 
91 45 4896 9 2.7 23 33.6 86.4 194.7 46.1 55.7 929 0.6469 0241413 0.011857 0.02683 02801 •0.0133 
91 47 4898 9 Z7 22.8 30.6 86.4 1144.5 46.1 55.5 1042.9 4.9763 0.241413 0.012101 0.026566 02801 •0.0133 
96 0 5151 9 2.7 22.6 38.5 86.4 1136.8 46.1 55.5 1035.2 4.9448 e.28E-05 0241413 0.012101 0026566 0.2801 •0.0133 
96 4 5155 9 2.7 22.8 24.8 86.4 1150.5 46.1 55.5 1048.9 5.0043 5.78E^5 0.241413 0.012101 0.026588 0.2801 •00133 
96 4.5 5155.5 9 22.8 23 86.4 11523 46.1 55.5 1050.7 5.0122 3.30E-05 0.241413 0012101 0.026586 02801 -0.0133 
96 5 5156 9 2.7 22.6 22.2 86.4 1153.1 46.1 55.5 1051.5 5.0157 3.30E-05 0241413 0012101 0026586 02801 •0.0133 
96 5.75 5156.75 9 21 22.8 21 86.4 1154.3 46.1 55.5 10527 5.0209 1.49E-04 0241413 0.012101 0026566 0.2801 •0.0133 
96 6 5157 9 21 22.8 19.2 86.4 1156.1 46.1 55.5 1054.5 5.0287 7.B5E^5 0241413 0.012101 0.026586 0.2801 •0.0133 
96 7 5158 9 2.7 22.8 15.4 86.4 1159.9 48.1 55.5 1058.3 5.0452 0241413 0.012101 0026586 02801 -0.0133 
103 45 5616 9 2.7 22.8 38 86.4 1137.3 46.1 55.5 1035.7 4.9469 1.49E-04 
103 45.5 5616.5 9 Z7 22.8 34.4 86.4 11409 46.1 55.5 1039.3 4.9626 1.40E-04 
103 46 5617 9 21 22.8 31 86.4 1144.3 46.1 55.5 10427 4.9774 1.4gE-04 
103 46.5 5617.5 9 21 22.8 27.4 66.4 1147.9 46.1 55.5 1046.3 4.9930 
103 47 5618 9 21 21.5 24 86.4 4274.6 46.1 54.2 4174.3 18.5933 1.45E-04 
103 47.5 5618.5 9 21 21.5 20.5 86.4 4278.1 46.1 54.2 4177.6 16.6065 1.40E-04 
103 48 5619 9 21 21.5 17.1 86.4 4261.5 46.1 54.2 4181.2 16.6233 1.26E-04 
103 49 5620 9 21 21.5 11 66.4 4287.6 46.1 54.2 4187.3 18.6498 
103 51 5622 9 2.7 21.5 23.7 86.4 4274.9 46.1 54.2 4174.6 18.5946 1.47E-04 
103 52 5623 9 2.7 21.5 16.6 86.4 4282 46.1 54.2 4181.7 186255 1.29E^4 
109 0 5931 9 2.7 21.5 10 86.4 6203 46.1 54.2 610Z7 26.9613 
109 1.5 5932.5 Q 2.7 20.5 29 86.4 6184 46.1 53.2 6084.7 26.8987 8.26E-05 
109 2 5933 9 2.7 20.5 27 86.4 6186 46.1 53.2 6086.7 26.9074 2.07E-05 
109 3 5934 8 2.7 20.5 26 86.4 6187 46.1 53.2 6087.7 26.9117 1.24E-C4 
109 4 5935 9 2.7 20.5 20 86.4 6193 46.1 53.2 6093.7 26.9376 1.24E  ^
109 4.5 5935.5 9 21 20.5 17 66.4 6196 46.1 53.2 6096.7 26.9508 1.45E-04 
109 5 5936 9 2.7 20.5 13.5 66.4 6199.5 46.1 53.2 6100.2 26.9661 
109 6 5937 9 Z7 20.5 38.5 86.4 6174.5 46.1 53.2 6075.2 26.8573 8.67E-05 
109 6.5 5937.5 9 2.7 20.5 36.4 86.4 6176.6 46.1 53.2 6077.3 26.8665 1.82E-04 
109 7 5938 9 2.7 20.5 32 86.4 6181 46.1 53.2 6081.7 26.6856 
109 7.5 5936.5 e 2.7 15 28.7 86.4 22841.5 46.1 47.7 22747.7 99.3541 1.40E-04 
109 e 5939 9 2.7 15 25.3 86.4 22844.9 46.1 47.7 22751.1 99.3689 
151 44.3 8495.25 9 2.7 15 37.5 86.4 22832.7 46.1 47.7 22738.9 99.3158 1.38E-04 
151 45 8496 9 2.7 15 32.5 86.4 22837.7 46.1 47.7 22743.9 99.3375 1.34E-04 
151 46 8497 9 2.7 15 26 86.4 22844.2 46.1 47.7 22750.4 99.3658 1.40E-04 
151 47 8498 9 2.7 15 19.2 86.4 22851 46.1 47.7 22757.2 99.3954 
151 47 8498 9 21 15 19.2 86.4 22851 48.1 47.7 22757.2 99.3954 1.32E-04 
151 48 8499 9 21 15 12.8 86.4 22857.4 46.1 47.7 22763.6 99.4232 
151 49 8500 9 21 15 326 66.4 22837.6 46.1 47.7 22743.8 99.3371 1.36E-04 
151 50 8501 9 21 15 26 86.4 22844.2 46.1 47.7 22750.4 99.3658 1.38E.04 
151 51 8502 9 21 15 19.3 86.4 22850.9 46.1 47.7 22757.1 99.3950 1.28E-04 
151 52 8503 0 21 15 13.1 86.4 22857.1 46.1 47.7 22763.3 99.4219 1.07E^4 
151 5ZS 8503.5 9 2.7 15 10.5 86.4 22859.7 46.1 47.7 22765.9 99.4332 8.26E-05 
151 53 6504 9 21 15 85 86.4 22861.7 46.1 47.7 22767.9 99.4419 5.55E-05 
perm intrin 
Avah20 5.34E  ^ 5.45E-10 
Std Dev 1.49E  ^ 1.52E-10 
Avg Gas 1.33E  ^ 9.37E-12 
Std Dev 9E-12 0.000164 
AVG AIR 1.21E-04 
BORINO B«-2 8*1,7-« FT. LATERAL STRESS >14 PSI. ORAOIENT* 10 1 1 1 1 1 
Clock Time Bapsed Influent 1 Effluent Readings Cummulative Totals Cummulative ml)l Effluent Perms Intrinsic Water Gasoline Air Total Porosity 
Hr. 1 Min. nmeimin. (mD 1 H20(mi) pasoiine(ml 1 Air(m() Influent(mi) 1 Effluent(ml) H20 1 Gasoline L Air Pore Volumes K cm/s cm*2 Porosity Porosity Porosity Porosity Deviation 
8 38 0 0.2 1.2 0 0 0 0 0 0 0.2767 0 0 0.2767 -0.0119 
8 38.5 0.5 1.2 1.2 1 0 0 0 0 0.0000 0.275687 0 0 0.275687 -0.00689 
8 51 13 1.9 1.9 1.7 0.7 0.7 0 0 0.0032 l.gE-06 1.94E-11 0.276958 0 0 0276958 •0.01016 
9 4 26 24 27 22 1.5 1.5 0 0 0.0069 1.72E-06 1.78E-11 027734 0 0 027734 -0.01054 
9 10 32 2.7 3.1 25 1.9 1.9 0 0 0.0087 203E  ^ 207E-11 0.277085 0 0 0.277085 •0.01029 
9 20 42 Z6 3.2 2.4 2 2 0 0 0.0092 212&20 216E-2S 0277213 0 0 0.277213 -0.01041 
9 32 54 2.4 3.3 22 21 21 0 0 0.0096 0.27734 0 0 0.27734 •0.01054 
9 40 62 2.5 4.2 23 3 3 0 0 0.0138 218E-06 223E.11 0.277976 0 0 0.277976 -0.01118 
9 52 74 29 4.3 27 3.1 3.1 0 0 0.0142 7.33E^7 7.49E-12 0.276577 0 0 0276577 -0.00976 
10 0 62 3.2 4.5 3 3.3 3.3 0 0 0.0152 1.11E-06 1.13E-11 0.276831 0 0 0.276831 -0.01003 
10 0 62 26 4.5 24 3.3 3.3 0 0 00152 0.277721 0 0 0.277721 •0.01092 
10 15 97 29 5.2 2.7 4 4 0 0 0.0184 1.18E-06 1.21E-11 0.277467 0 0 0.277467 -0.01067 
10 27 109 3.4 5.2 3.2 4 4 0 0 0.0184 7.43E-07 7.58E-12 0.276322 0 0 0.276322 •0.00952 
10 38 120 3.6 5.3 3.6 4.1 4.1 0 0 0.0188 8.14E-07 8.31 E-12 0.276577 0 0 0.276577 -0.00976 
10 48 130 4.1 5.6 3.9 4.4 4.4 0 0 0.0202 1.08E-06 1.10E-11 0.276958 0 0 0276958 -0.01016 
11 2 144 4.7 6.3 4.5 5.1 5.1 0 0 0.0234 1.69E-06 1.72E-11 0277085 0 0 0.277085 -0.01029 
11 24 166 5.3 7.2 5.1 6 6 0 0 0.0275 4.71 E^7 4.81E-12 0.27734 0 027734 •0.01054 
11 50 192 6.3 8.3 6.1 7.1 7.1 0 0 0.0326 6.7E-07 6.84E-12 0.277085 0 0.277085 -0.01029 
13 27 289 9.9 125 9.7 11.3 11.3 0 0 0.0519 6.6E^7 e.74E-12 0.277721 0.004489 0 028221 -0.01541 
13 55 317 10.9 13.7 10.7 125 125 0 0 0.0574 6.49E-07 e.63E-12 0.277213 000576 0 0.282973 -0.01617 
14 35 357 123 15.3 121 14.1 14.1 0 0 0.0647 6.44E-07 6.57E-12 0280137 0.007541 0 0.287678 •0.02088 
16 0 442 14.5 17.8 14.3 16.6 16.6 0 0 0.0762 4.84E^7 4.95E-12 0.276958 0.010338 0 0.287297 •0.0205 
17 55 557 5.7 23.3 19.3 22.1 221 0 0 01015 0.269964 0.016696 0 0.286661 -0.01986 
19 50 672 95 27.5 23.1 26.3 26.3 0 0 0.1208 5.B5E-07 S.97E.12 0.264624 0.021526 0 0286152 •0.01935 
21 35 777 13.3 16.5 26.9 29.9 29.9 0 0 0.1373 6.64E-07 0260046 0026361 0 0286406 -0.01961 
23 20 862 4.1 4.4 30.2 34.3 34.3 0 0 0.1575 0254451 0.030557 0 0.285008 -0.01621 
25 36 1016 4.9 6 31 35.9 35.9 0 0 0.1648 1.01E-07 1.03E.12 0.252416 0031574 0 028399 •0.01719 
27 35 1137 5.1 7.2 31.2 37.1 37.1 0 0 0.1703 2.91 E-08 2.97F 13 025089 0.031829 0 0.282719 -0.01592 
29 30 1252 5.2 8 31.3 37.9 37.9 0 0 0.1740 1.51 E-06 1.54E-13 0.249873 0.031956 0 0.281629 -0.01503 
31 35 1377 5.4 9.1 31.5 39 39 0 0 0.1791 277E  ^ 283E-13 0.246474 0.03221 0 0.260684 •0.01368 
31 58 1400 5.4 9.2 31.5 39.1 39.1 0 0 0.1795 0.248347 003221 0 0.280557 -0.01376 
34 7 1529 5.8 95 31.9 394 39.4 0 0 0.1809 5.3gE-08 5.50E.13 0.247965 0.032719 0 0280684 •0.01388 
36 2 1644 5.7 10.7 31.8 40.6 40.6 0 0 0.1664 0246439 0.032592 0 0.279031 -0.01223 
37 55 1757 6 11.5 321 41.4 41.4 0 0 0.1901 4.63E-08 4.72E-13 0245422 0.032973 0 0.278395 •0.0116 
40 0 1882 6 11.7 321 41.6 41.6 0 0 0.1910 0.245168 0.032973 0 0278141 -0.01134 
42 0 2002 6.1 11.8 322 41.7 41.7 0 0 0.1915 1.45E  ^ 1.4gE-l3 0245041 0.0331 0 0278141 -0.01134 
43 0 2062 7.8 0.2 324 41.9 41.9 0 0 0.1924 4.9gE-07 5.09E-12 0.244786 0.033355 0 0.278141 -0.01134 
44 26 2148 8.8 1.6 33.4 43.3 43.3 0 0 0.1988 207E^7 212E-12 0.243006 0.034626 0 0.277632 •0.01083 
46 0 2242 93 1.6 33.9 43.3 43.3 0 0 0.1988 955E  ^ 9.75E-13 0.243006 0.035262 0 0.276268 •0.01147 
50 15 2497 10.6 3.7 35.2 45.4 45.4 0 0 0.2084 9.23E-08 942E-13 0240336 0.036915 0 0.277251 •0.01045 
55 3 2785 12 5.3 5.6 36.6 47 47 0 0 0.2158 4.58E-07 4.68E-12 0238301 0.038695 0 0.276996 -0.0102 
57 7 2909 125 5.3 5.6 37.1 47 47 0 0 0.2158 7.69E-08 8.06E-13 0.238301 0.039331 0 0277632 •0.01063 
58 15 2977 128 5.3 5.6 37.4 49.1 49.1 0 0 0.2254 8.67E-08 8.85E-13 0.235631 0.039713 0 0.275343 -0.00854 
60 12 3094 13.1 6 6.3 37.7 498 49.8 0 0 0.2287 1.69E-07 1.73E-12 0.234741 0.040094 0 0274635 •0.00603 
63 50 3312 13.2 7.5 7.6 37.8 51.3 51.3 0 0 0.2355 1.47E^7 1.50E-12 0.232833 0.040221 0 0273054 -0.00625 
64 53 3375 13.3 7.4 8.3 37.9 51.8 51.2 0.6 0 0.2378 1.14E  ^ 1.17E-11 0.23296 0.039585 0 0.272546 -0.00575 
66 40 3482 13.3 7.3 9 37.9 525 51.1 1.4 0 0.2410 6.15E-07 e.28E.12 0.233087 0.038568 0 0271656 •0.00466 
70 0 3682 13.6 7.5 9.9 38.2 53.4 51.3 21 0 0.2452 286E-07 294E-12 0.232833 0.03806 0 0270893 -0.00409 
71 53 3795 13.9 7.5 10.4 38.5 53.9 51.3 26 0 0.2475 5.55E-07 3.92E-12 0232833 0.037805 0 0.270638 -0.00384 
75 4 3966 3.6 7 10.1 39.5 53.6 50.8 28 0 0.2461 0233469 0.038822 0 0272291 •0.00549 
79 0 4222 4.6 7 10.1 40.5 53.6 50.8 28 0 0.2461 0233469 0.040094 0 0273563 -0.00676 
79 45 4267 4.7 0 3 40.6 53.5 50.6 27 0 0.2456 0233469 0.040348 0 0.273617 -0.00702 
81 26 4368 5.2 0 4.2 41.1 54.7 50.6 3.9 0 0.2511 0.233469 0.039458 0 0.272927 -0 00613 
83 30 4492 5.3 0 4.5 41.2 55 50.8 4.2 0 0.2525 0.233469 0.039204 0 0.272673 •0.00587 
84 30 4552 5.4 0 4.5 44.6 55 50.8 4.2 0 0.2525 7.38E-07 5.22E-12 0.233469 0.043527 0 0.276996 -0.0102 
85 45 4627 14.8 2 9.4 44.6 59.9 528 7.1 0 0.2750 4.30E-06 3.04E-11 0.230926 0.03984 0 0.270766 -0.00397 
66 7 4649 15.5 21 9.5 45.3 60 529 7.1 0 0.2755 1.52E-05 1.07E-10 0 230799 0.04073 0 0.271528 -0.00473 
86 44 4686 15.7 23 10.1 45.5 60.6 53.1 7.5 0 0.2782 9.48E-06 67E-11 0.230544 0.040476 i 0 0.27102 -0.00422 
87 17 4719 15.8 24 10.5 45.6 61 53.2 7.8 0 0.2801 1.52E-06 1.07E-11 0.230417 0.040221 0, 0.270638 •0.00384 
88 0 4762 15.9 23 11 45.7 61.5 53.1 64 0 0.2824 1.06E-06 7.49E-12 0.230544 0.039585 01 0.27013 •0.00333 
89 30 4852 16.4 21 12 46.2 62.5 529 9.6 0 0.2870 7.02E.07 4.96E-12 0.230799 0.038695 0 0.269494 •0.00269 
90 15 4897 16.5 21 12.6 46.3 63.1 529 10.2 0 0.2897 1.52E  ^ 1.08E.11 0.230799 0.03606 0 0.268858 •0.00206 
90 45 4927 16.6 23 129 46.4 63.4 53.1 10.3 0 0.2911 213E-06 1.51 E-11 0.230544 0.03806 0 0.268604 •0.0018 
91 40 4982 1.5 23 13.6 47 64.1 53.1 11 0 0.2943 0.230544 0.037932 0 0.268477 •0.00168 
93 0 5062 2.2 21 14.4 47.7 64.9 529 12 0 0.2960 0.230799 0.037551 0 0.268349 •0.00155 
94 55 5177 29 22 15.8 48.4 66.3 53 13.3 0 0.3044 0.230671 0.036788 0 0.267459 -0.00066 
98 14 5376 3.8 3.7 17.4 49.3 67.9 54.5 13.4 0 0.3118 6.77E-07 4.78E-12 0.226764 0.037805 0 0.266569 0.000231 
102 4 5606 4.9 4.4 168 50.4 69.3 55.2 14.1 0 0.3182 0.9eE^7 4.92E-12 0.227874 0.038314 o: 0.266168 0.000612 
102 55 5657 5.1 4.4 19.4 50.6 69.9 55.2 14.7 0 0.3209 260E-06 1.84E.11 0.227874 0.037805 0 0.265679 0001121 
103 48 5710 5.25 4.3 19.8 50.75 70.3 55.1 15.2 0 0.3228 1.69E  ^ 1.19E.11 0.228001 0.03736 0 0.265361 0.001439 
104 37 5759 5.7 4.3 19.8 51.2 70.3 55.1 15.2 0 0.3228 6.68E-07 6.14E-12 0.228001 0.037932 0 0.265933 0.000867 
105 30 5812 5.8 4.4 19.8 51.3 70.3 55.2 15.1 0 0.3228 4.93E-07 3.48E.12 0.227874 0.038187 0 0.266061 0.000739 
106 30 5872 6.1 4.3 19.7 51.6 70.2 55.1 15.1 0 0.3223 2.98E-07 211E-12 0.228001 0.038568 0 0.266569 0.000231 
107 33 5935 6.2 4.3 19.6 51.7 70.3 55.1 15.2 0 0.3228 1.90E-07 1.34E-12 0.228001 0.038568 0 0.268569 0.000231 
109 35 6057 66 4.6 21.4 521 71.9 55.4 16.5 0 0.3301 4.77E-07 3.37E-12 0.22762 0.037424 0 0.265043 0.001757 
111 16 6160 6.6 4.6 22.5 523 73 55.4 17.6 0 0.3352 6.30E-07 5.87E-12 0.22762 0.036279 0 0.283899 0.002901 
113 5 6267 6.9 4.6 23.1 524 73.6 55.4 18.2 0 0.3379 9.18E-07 6.4gE-12 0.22762 0.035643 0 0.263263 0.003537 
115 16 6398 7.2 4.7 23.5 527 74 55.5 18.5 0 0.3398 5.14E-07 3.63E-12 0.227492 0.035643 0 0.263136 0.003664 
115 50 6432 7.3 4.3 23.5 52.B 74 55.1 18.9 0 0.3398 I.IIE  ^ 7.84E-12 0.228001 0.035262 0 0.263263 0.003537 
118 5 6567 7.8 0.6 4.8 53.3 74.5 55.2 19.3 0 0.3421 0.227874 0.035389 0 0.263263 0.003537 
119 50 6672 64 0.4 4.7 53.9 74.4 55 19.4 0 0.3416 0.228128 0.036025 0 0.264153 0.002647 
123 30 6892 9.4 0.3 63 54.9 78 54.9 21.1 0 0.3489 0.228255 0.035135 0 0.26339 0.00341 
127 30 7132 10.4 0.3 7.7 55.9 77.4 54.9 22.5 0 0.3554 4.92E-07 3.47E-12 0.228255 0.034626 0 0.282881 0.003919 
129 39 7261 10.9 0.3 8.5 56.4 78.2 54.9 23.3 0 0.3590 1.06E-06 7.47E-12 0.228255 0.034245 0 0.2625 0.0043 
130 51 7333 11 0.6 9.1 56.5 78.8 55.4 23.4 0 0.3818 1.35E  ^ 9.51E-12 0.22782 0.034245 0 0.261864 0.004936 
131 35 7377 11 1.1 9.4 56.5 79.1 55.7 23.4 0 0.3632 1.17E  ^ 8.24E-12 0.227238 0.034245 0 0.261483 0.005317 
132 40 7442 11.1 1.1 9.4 56.6 79.1 55.7 23.4 0 0.3632 3.81 E.07 269E-12 0.227238 0.034372 0 0.26161 0.00519 
134 9 7531 11.2 1.2 9.5 56.7 79.2 55.8 23.4 0 0.3636 1.52E^7 Li08E-12 0.227111 0.034499 0 0.26161 0.00519 
135 25 7607 11.2 1.1 9.5 56.7 79.2 55.7 23.5 0 0.3636 8.93E-08 6.31 E-13 0.227238 0.034372 0 0.26161 0.00519 
137 6 7708 11.4 1.5 9.8 56.9 79.5 56.1 23.4 0 0.3650 1.57E^7 1.11E.12 0.226729 0.034753 0 0.261463 0.005317 
138 55 7817 122 1.5 10.4 57.7 80.1 56.1 24 0 0.3678 3.99E^7 282E.12 0.226729 0.035008 0 0.281737 0.005063 
142 30 6032 13 1.5 11.4 56.5 81.1 56.1 25 0 0.3724 3.98E-07 281E-12 0.226729 0.034753 0 0.261483 0.005317 
144 14 8136 14.5 1.4 12 60 81.7 56 25.7 0 0.3751 1.20E-06 8.44E-12 0.226857 0.035771 0 0.282627 0.004173 
147 33 8335 3.7 1.1 11.8 626 81.5 55.7 25.8 0 0.3742 0.227238 0.039204 0 0.266442 0.000358 
151 30 8572 4.2 1.5 122 63.3 81.9 56.1 25.8 0 0.3760 0.226729 0.03984 0 0.266569 0.000231 
152 26 8628 5.31 1.5 126 64.41 823 56.1 26.2 0 0.3779 0.226729 0.040743 0 0.267472 -0.00067 
155 0 8782 5.3 1.5 13.8 64.4 83.5 56.1 27.4 0 0.3834 5.12E-07 3.61E-12 0.226729 0.039204 0 0.265933 0.000867 
155 40 8822 5.6 1.5 14.4 64.7 84.1 56.1 28 0 0.3881 1.99E-06 1.4E-11 0.228729 0.038822 0 0.265552 0.001248 
157 0 6902 63 1.5 14.4 65.4 84.1 56.1 28 0 0.3881 7.79E-07 5.5E-12 0.226729 0.039713 0 0.266442 0.000358 
160 38 9120 65 1.3 14.3 65.6 84 55.9 28.1 0 0.3857 1.75E-07 1.24E-12 0.226984 0.03984 0 0.266823 .23E-05 
161 22 9164 6.6 1.3 14.3 65.7 84 55.9 261 0 0.3857 4.62E-07 3.27E-12 0.226984 0.039967 0 0.266951 -0.00015 
161 1 56 9198 7.3 1.6 14.6 1 66.4 84.3 56.2 28.1 0 0.3871 6.05E-07 5.69E-12 0.226602 i 0.040857 1 0 0.267459 -0.00066 
163 40 9302 8.2 1.5 15.1 67.3 84.8 56.1 28.7 0 0.3693 5.53E.07 3.91E.12 0.226729 0.041239 0 0.267968 -0.00117 
166 5 9447 8.9 1.5 15.9 68 85.6 56.1 29.5 0 0.3930 6.24E-07 4.41 E-12 0.226729 0.041111 0 0.287841 -0.00104 
167 45 9547 10.6 1.9 16.5 69.7 86.2 56.5 29.7 0 0.3958 1.23E.06 6.68E-12 0.226221 0.043019 0 0.26924 -0.00244 
171 21 9763 126 1 1.5 1 17.8 71.7 87.5 56.1 31.4 0 0.4017 I 7.97E-Q7 5.63E-12 0.226729 0.0434 0 0.27013 -0.00333 
175 26 10008 13.4 1.6 19.2 725 88.9 56.2 327 0 0.4082 1 7.89E^7 5.57E.12 0.226602 0.042764 0 0.269387 -0.00257 
178 5 10167 1 13.7 1.5 20.4 1 1 728 90.1 56.1 34 0 0.4137 1 1.12E.06 788E-12 0.226729 0.041493 0 0.268222 -0.00142 
180 3 10285 13.9 1.5 21.1 73 90.8 1 56.1 34.7 0 0.4169 1.01E.06 7.15E-12 0.226729 0.040857 , 0 0.267586 -0.00079 
162 7 10409 1 14.2 1 1.5 21.7 73.3 1 91.4 561 35.3 0 0.4197 1 7.04E-07 1 4.98E-12 0.226729 1 0.040476 1 0 0.267205 -0.0004 
184 6 10528 14.8 1.4 221 73.9 1 91.8 56 35.8 0 0.4215 1 6.32E-07 1 4.47E-12 0.226857 1 0.040603 1 0 0.267459 •0.00066 
186 2 10644 15.1 1.4 2Z2 74.2 91.9 56 35.9 0 0.4219 5.37E-07 3.8E-12 0226857 0040657 0 0267714 -0.00091 
186 45 10667 2.9 1.4 21.8 76.3 91.5 56 35.5 0 0.4201 0226857 0044036 0 0.270893 -0.00409 
190 0 10682 4.3 06 6.6 77.7 93.4 56.1 37.3 0 0.4288 0226729 0.043527 0 0.270257 •0.00346 
192 9 11011 6.3 0.6 7.9 79.7 94.7 56.1 38.6 0 04348 0.226729 0.044418 0 0271147 -0.00435 
195 15 11197 10.5 0.5 9.7 63.9 96.5 56 40.5 0 0.4431 0.226657 0.047342 0.004501 0.2787 .^0119 
201 22 11564 0.6 13.6 65.6 100.4 56.1 44.3 0 0.4610 9.13E-07 6.45E-12 0226729 0044926 0.007044 0.2787 -0.0119 
205 0 11762 13 0.5 15.6 66.4 102.4 56 ^6.4 0 0.4702 1.51E-06 1.07E-11 0226657 0043019 0008625 0.2787 -0.0119 
207 17 11919 13.9 0.5 16.9 87.3 103.7 56 47.7 0 04761 1.e5E-06 1.31E-11 0226857 0.04251 0009333 0.2787 -0.0119 
209 50 12072 05 18.6 67.3 1 105.6 56 49.6 0 0.4646 0.226857 0.040094 0.011749 0.2787 -0.0119 
211 0 12142 05 21.6 67.3 106.4 56 524 0 0.4977 0.226657 0.036534 001531 0.2787 4).0119 
223 0 12862 0 4.1 23.5 67.3 108.5 56 525 0 0.4962 0226857 0.036406 0.015437 0.2787 .0.0119 
224 6 12926 0.1 4.3 23.5 67.3 108.7 56.1 526 0 0.4991 0.226729 0.036279 0.015691 02767 -0.0119 
224 40 12962 0.1 4.3 21.6 67.3 110.4 56.1 526 1.7 05069 0226729 0.036279 0015691 0.2787 -0.0119 
225 25 13007 0.1 4.3 22.3 67.3 109.9 56.1 52.6 1.2 0.5046 0.226729 0.036279 0.015691 0.2787 -0.0119 
226 52 13214 2 6.3 22.5 67.3 111.7 58 527 1 05129 2.47E-05 0224313 0.036152 0.016235 0.2767 -0.0119 
226 54 13216 4 9 22.8 87.3 114.1 60 53.4 0.7 0.5239 3.7E  ^ 0.22177 0.035262 0.021666 0.2787 -0.0119 
226 55 13217 4 9.5 21.5 87.3 115.9 60 53.9 2 0.5321 226E  ^ 0.22177 0034626 0.022304 0.2787 -0.0119 
229 5 13227 3.6 10.6 21.5 87.3 117 59.8 55.2 2 0.5372 0.222024 0.032973 0.023703 0.2787 -0.0119 
229 25 13247 3.7 11.5 21.7 87.3 117.7 59.7 56.2 1.8 0.5404 0222152 0.031701 0024647 0.2787 -0.0119 
229 42 13264 3.6 11.9 21.9 67.3 117.9 59.6 56.7 1.6 05413 0222279 0.031066 0.025356 02787 -0.0119 
231 15 13357 3.7 14.7 22.1 67.3 120.5 59.7 59.4 1.4 05533 0.222152 0.027632 0028916 0.2787 -0.0119 
234 0 13522 3.3 15.2 27.7 67.3 121 59.3 60.3 1.4 0.5556 8.03E^7 022266 0.026466 0029552 0.2787 -0.0119 
235 45 13627 3.7 17.6 26 67.3 125.1 59.7 62.3 3.1 0.5744 0.222152 0.023945 0.032604 0.2787 -0.0119 
236 20 13662 3.7 17.7 25 87.3 126.2 59.7 624 4.1 0.5794 1.85E-05 0222152 0.023817 0.032731 0.2767 -0.0119 
236 22 13664 3.7 17.7 23.2 87.3 126 59.7 624 5.9 0.5877 206E-05 0.222152 0023617 0.032731 0.2767 -0.0119 
236 23 13665 3.7 17.7 222 87.3 129 59.7 624 6.9 0.5923 1.39E-06 0.222152 0.023817 0.032731 0.2787 -0.0119 
237 0 13702 3.7 20 22 67.3 131.5 59.7 64.7 7.1 06038 0.222152 0.020893 0035656 02787 -0.0119 
247 45 14347 3.5 22 20.4 87.3 135.1 59.5 66.9 8.7 06203 1.03E-06 0222406 0018095 0.038199 0.2787 -0.0119 
247 55 14357 Z6 5.7 29.4 87.3 135.6 59.8 67.1 8.7 06226 1.01E-05 0.222024 0017841 0.036635 0.2787 -0.0119 
248 10 14372 3 6 223 87.3 143 60.2 67 15.8 0.6566 9.42E-06 0.221516 0017966 0.039216 0.2787 -0.0119 
246 29 14391 3 6.2 13.6 87.3 151.7 60.2 67.2 24.3 0.6965 0.000253 0.221516 0.017714 0.039471 0.2787 -0.0119 
246 30 14392 3 6.2 16.7 87.3 164 60.2 67.2 36.6 0.7530 226E-05 0.221516 0.017714 0.039471 0.2787 -0.0119 
248 31 14393 3 6.2 15.6 67.3 165.1 60.2 67.2 37.7 0.7560 1.65E-05 0.221516 0017714 0.039471 0.2767 -0.0119 
248 32 14394 3 6.2 14.8 67.3 165.9 60.2 67.2 36.5 0.7617 1.44E-05 0.221516 0.017714 0.039471 0.2767 -0.0119 
248 33 14395 3 6.2 14.1 67.3 166.6 60.2 67.2 39.2 0.7649 0.221516 0.017714 0039471 0.2787 -0.0119 
250 15 14497 3 6.2 13.4 67.3 167.3 60.2 67.2 39.9 0.7681 1.e5E-06 0.221516 0.017714 0039471 0.2787 -0.0119 
253 25 14667 3.6 6.4 14 67.3 164.4 60.6 66.6 54.8 08466 295E-06 0.220753 0.015679 0.042266 0.2767 -0.0119 
257 0 14902 9.9 67.3 215.2 61.2 69.9 64.1 09681 0.220244 001428 0.044176 02767 -0.0119 
257 1 14903 9.9 26.2 87.3 187 61.2 69.9 55.9 0.6586 247E  ^ 0.220244 001428 0.044176 0.2787 -0.0119 
257 2 14904 9.9 27 87.3 188.2 61.2 69.9 57.1 0.6641 0220244 001428 0044176 02787 -0.0119 
269 35 15657 3.8 11.2 29.5 87.3 187 61 71.4 54.6 0.6566 0.220496 0.012373 0.045829 02787 -0.0119 
272 5 15807 3.7 11.3 29.5 87.3 167.1 60.9 71.6 54.6 0.6590 3.52E-06 0.220626 0.012119 0.045956 0.2787 -0.0119 
274 30 15952 3.7 11.3 4.7 67.3 211.9 60.9 71.6 79.4 09729 0.220626 0.012119 0.045956 02787 -0.0119 
276 5 16167 3.7 12 10.9 87.3 206.4 60.9 723 73.2 09477 0.220626 0011228 0046646 0.2767 -0.0119 
261 55 16397 12 27.5 87.3 189.6 61.2 72 56.6 0.6714 9.26E-05 0220244 001161 0046846 0.2787 -0.0119 
261 56 16396 12 23 87.3 194.3 61.2 72 61.1 0.6921 6.99E-05 0220244 0.01161 0.046646 0.2787 -0.0119 
261 56.5 16396.5 12 21.3 87.3 196 61.2 72 626 06999 6.56E-05 0.220244 0.01161 0.046846 0.2787 -0.0119 
261 57 16399 12 19.7 67.3 197.6 61.2 72 64.4 0.9073 6.58E-05 0.220244 0.01161 0.046846 02767 -0.0119 
281 57.5 16399.5 12 16.1 67.3 199.2 61.2 72 66 0.9146 6.17E-05 0.220244 001161 0.046646 0.2767 -0.0119 
281 58 16400 12 16.6 87.3 200.7 61.2 72 67.5 09215 6.58E-05 0.220244 001161 0046846 02767 -0.0119 
281 58.5 16400.5 12 15 87.3 202.3 61.2 72 69.1 09288 5.76E-05 0.220244 0.01161 0.046846 0.2787 -0.0119 
281 59 16401 12 13.6 87.3 203.7 61.2 72 70.5 0.9353 0220244 0.01161 0.046846 0.2767 -0.0119 
285 12 16594 12 28 87.3 189.3 61.2 72 56.1 0.8691 6.99E  ^ 0.220244 0.01161 0046646 0.2767 -0.0119 
265 125 16594.5 12 26.3 87.3 191 61.2 72 57.6 08770 6.99E>05 0220244 0.01161 0046846 02787 -0.0119 
265 13 16595 12 24.6 87.3 192.7 61.2 72 59.5 08848 6.5eE-05 0220244 0.01161 0.046846 02787 -0.0119 
265 13.5 16595.5 12 23 87.3 194.3 61.2 72 61.1 0.8921 6.99E-05 0.220244 001161 0.046846 0.2787 -0.0119 
265 14 16596 12 21.3 87.3 196 61.2 72 628 0.6999 6.17E  ^ 0220244 0.01161 0.046846 02767 -0.0119 
00 Ol 
285 14.5 16596.5 4 12 19.8 87.3 197.5 61.2 72 64.3 0.9068 6.9gE.05 0.220244 0.01161 0.046846 0.2787 -0.0119 
285 15 16597 4 12 18.1 87.3 199.2 81.2 72 66 0.9146 6.17E.05 0.220244 0.01161 0.046846 0.2787 .^0119 
285 15.5 16597.5 4 12 16.6 87.3 200.7 61.2 72 67.5 0.9215 0.220244 0.01161 0.046846 0.2787 4).0119 
290 25 16907 4 12 29.5 87.3 187.8 61.2 72 54.6 0.8623 7.82E-05 0.220244 0.01161 0.046846 0.2787 -0.0119 
290 25.5 16907.5 4 12 27.6 87.3 189.7 61.2 72 56.5 0.8710 4.53E>05 0.220244 0.01161 0.046846 0.2787 -0.0119 
290 26 16908 4 12 26.5 87.3 190.8 61.2 72 57.6 0.8760 0.000103 0.220244 0.01161 0.046846 0.2787 -0.0119 
290 26.5 16908.5 4 12 24 87.3 193.3 61.2 72 60.1 0.8875 2.47E-05 0.220244 0.01161 0.046846 0.2787 -0.0119 
290 27 16909 4 12 23.4 87.3 193.9 61.2 72 60.7 0.8903 5.76E.05 0.220244 0.01161 0 046846 0.2787 .0.0119 
290 27.5 16909.5 4 12 22 87.3 195.3 61.2 72 62.1 0.8967 6.17E.05 0.220244 0.01161 0.046846 0 2787 -0.0119 
290 28 16910 4 12 20.5 87.3 196.8 61.2 72 63.6 0.9036 6.17E  ^ 0.220244 0.01161 0.046846 0.2787 .0.0119 
290 28.5 16910.5 4 12 19 87.3 198.3 61.2 72 65.1 0.9105 0.220244 0.01161 0.046846 0.2787 -0.0119 
Derm intrin 
averaae perm h2o 1.17E-06 1.19E-11 1 per gas 2.70E-06 1.95E-11 
pemiair 4.73E-05 
deviation h20 6.5E^7 6.63E-12 
gas 233E-06 1.64E-11 
air 4.49E-05 
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APPENDIX G. BETX ANALYSIS DATA 
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BETX CONCENTRATIONS 
Boring 4-3, SI Samples Taken from Fracture Area 
Concentrat ons(mg/kg) 
Sample Benzene Toluene Ethyl Benzene Xylene 
#30 3.49 17.15 7.21 33.69 
#32 5.46 29.60 11.47 55.78 
#34 6.18 30.05 11.88 57.69 
Mean 5.04 25.60 10.18 49.05 
Std. Deviation 1.39 7.32 2.59 13.34 
Boring 4-3, S1 Samples Taken from Soil Matrix 
Concentrat 'ons(mg/kg) 
Sample Benzene Toluene Ethyl Benzene Xylene 
#31 1.20 2.93 .66 3.10 
#33 2.92 10.54 3.28 15.29 
#35 2.83 8.72 2.59 12.49 
IVIean 2.32 7.39 2.18 10.29 
Std. Deviation 0.97 3.97 1.36 6.38 
Boring 2-3, SI Samples Taken firom Fracture Area 
Concentrat ons(mg/kg) 
Sample Benzene Toluene Ethyl Benzene Xylene 
#20 1.18 9.02 5.45 25.85 
#22 0.90 5.76 3.10 15.07 
#24 1.77 11.75 6.38 22.15 
#26 0.57 3.78 2.45 11.84 
l\/lean 1.11 7.58 4.35 18.73 
Std. Deviation 0.51 3.52 1.87 6.41 
Boring 2-3, SI Samples Taken from Soil Matrix 
Concentrat ons(mg/kg) 
Sample Benzene Toluene Ethyl Benzene Xylene 
#21 0.30 0.94 0.35 1.72 
#23 0.16 0.33 0.13 0.38 
#25 0.22 0.61 0.18 0.79 
#27 0.73 2.46 0.63 2.98 
Mean 0.35 1.09 0.32 1.47 
Std. Deviation 0.26 0.95 0.22 1.15 
189 
Boring 2-2, S1 Samples Taken from Fracture Area 
Concentrat ons(mg/kg) 
Sample Benzene Toluene Ethyl Benzene Xylene 
#36 25.42 95.20 30.88 135.79 
#38 16.46 85.96 32.49 149.54 
#40 3.14 17.17 7.88 36.39 
Mean 20.94 90.58 31.69 142.66 
Std. Deviation 6.34 6.53 1.14 9.72 
Boring 2-2, SI Samples Taken from Soil Matrix 
Concentrat ons(mg/kg) 
Sample Benzene Toluene Ethyl Benzene Xylene 
#37 36.76 154.94 53.31 246.42 
#39 3.26 12.70 4.37 21.14 
#41 2.42 8.87 2.81 13.69 
Mean 2.84 10.79 3.59 17.42 
Std. Deviation .59 2.71 1.10 5.27 
Boring 4-3, S2 Samples Taken from Fracture Area 
Concentrat ons(mg/kg) 
Sample Benzene Toluene Ethyl Benzene Xylene 
#200 2.05 23.74 13.04 66.35 
#202 6.68 56.77 26.82 117.38 
#204 2.27 26.84 13.0 64.79 
Mean 3.67 35.78 17.62 82.84 
Std. Deviation 2.61 18.24 7.97 29.92 
Boring 4-3, S2 Samples Taken firom Soil Matrix 
Concentrat ons(mg/kg) 
Sample Benzene Toluene Ethyl Benzene Xylene 
#201 1.52 2.38 0.36 1.53 
#203 1.34 3.39 0.82 3.86 
#205 4.7 31.60 12.78 48.40 
Mean 2.52 12.46 4.65 17.93 
Std. Deviation 1.89 16.59 7.04 26.41 
190 
Boring 6-2, S1 Samples Taken from Fracture Area 
Concentrat ons(mg/kg) 
Sample Benzene Toluene Ethyl Benzene Xylene 
#206 3.56 15.96 5.81 25.91 
#208 1.68 5.02 1.41 7.08 
#210 3.96 16.02 5.81 28.07 
Mean 3.07 12.33 4.34 20.35 
Std. Deviation 1.22 6.33 2.54 11.55 
Boring 6-2, Si Samples Taken firom Soil Matrix 
Concentrations(mg/kg) 
Sample Benzene Toluene Ethyl Benzene Xylene 
#207 3.32 5.51 0.90 3.42 
#209 2.75 3.51 0.39 1.40 
#211 6.48 20.28 5.80 25.96 
Mean 4.18 9.77 2.36 10.26 
Std. Deviation 2.01 9.16 2.98 13.26 
